ONR  Contract  N00014-91-C-0128 


Final  Report: 

The  Role  of  Microstructure  on  the  Fatigue 
Durability  of  Aluminum  Aircraft  Alloys 


Paul  E.  Magnusen 
Robert  J.  Bucci 
Andrew  J.  Hinkle 
John  R.  Brockenbrough 
Harold  J.  Konish 
Shelly  M.  Miyasato* 


I  ,  puciic  reiocjaai 

PigcdbagcB  touteited  - 


Alcoa  Technical  Center 
♦Formerly  Alcoa  Technical  Center 


November  1995 

19960529  102 


STIC  ixibfECTBD  1 


TfflS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


UNCLASSIFIED  _ 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  _ _ _ 


REPORT  DOCUMENTATION  PAGE 


U.  REPORT  SECURITY  CLASSIHCATION 

Unclassified  _ 


2a.  SECURITY  CLASSIHCATION  AUTHORTTY 


lb.  RESTRICTIVE  MARKINGS 


2b.  DECLASSIHCATION/DOWNGRADING  SCHEDULE 


3.  DISTRIBUTION/AVAILABILrrY  OF  REPORT 
Approved  for  public  release;  distribution  unlimited 


4.  PERFORMING  ORGANIZATION  REPORT  NUMBER(S) 


5.  MONITORING  ORGANIZATION  REPORT  NUMBER(S) 


6a.  NAME  OF  PERFORMING  ORGANIZATION 
Aluminum  Company  of  America 


6c.  ADDRESS  (City,  Sute  and  ZIP  Code) 

Alcoa  Technical  Center 

100  Technical  Drive,  Alcoa  Center,  PA  15069-(X)01 


8a.  NAME  OF  FUNDING/SPONSORING 
ORGANIZATION 
Office  of  Naval  Research 


6b.  OFHCE  SYMBOL 

7a.  NAME  OF  MONITORING  ORGANIZATION 

(If  applicable) 

Office  of  Naval  Research 

8b.  OFHCE  SYMBOL 
(If  applicable) 
Code- 332 


7b.  ADDRESS  (City,  Sutc  and  ZIP  Code) 
800  N.  Quincy  Street 
Arlington,  VA  22217-5660 


9.  PROCUREMENT  INSTRUMENT  IDENTIHCATION  NUMBER 
N00014-91-C-0128 


10.  SOURCE  OF  FUNDING  NUMBERS 


11.  TITLE  (Include  Security  Classification) 

The  Role  of  Microstructuxe  on  the  Fausue  Durability  of  Aluminum  Aircraft  Alloys 


11  PERSONAL  AUTHOR(S) 

P.  E.  Magnusen,  R.  J.  Bucci,  A.  J.  Hinkle,  J.  R.  Brockenbrough,  H.  J.  Konish  and  S.  M.  Miyasato _ 


13b.  TIME  COVERED  14.  DATE  OF  REPORT  (Year,  Month,  Day) 

FROM  9 1/09/1 6  TO  95/12/15  96/04/15  _ 


16.  SUPPLEMENTARY  NOTATION 


13a.  TYPE  OF  REPORT 
Final 


15.  PAGE  COUNT 

178 


COSATI  CODES 


GROUP 


07 


06 


18.  SUBJECT  E  TERMS  (Continue  on  reverse  if  necessary  and  identify  by  block  number 


SUB-GROUP  I  Aluminum,  Fatigue,  Microstnicture  effects.  Alloy  7050,  Durability,  Thick  plate,  Crack 
initiation  and  growth.  Fatigue  life  prediction.  Fracture  mechanics 


19.  ABSTRACT  (Continue  on  reverse  if  necessary  and  identify  by  block  number) 

Although  the  role  of  microstnicture  on  the  initiation  and  growth  of  fatigue  cracks,  and  thus  the  fatigue  performance  of  a  stnictural  metal,  has  long  been  recognized, 
quantiutive  models  of  the  linkage(s)  between  micxostructuxal  characteristics  and  structural  fatigue  performance  have  not  been  widely  available.  The  absence  of  such 
models,  coupled  with  the  compositional  basis  of  material  specifications,  has  limited  the  ability  to  exploit  improvements  in  material  performance  which  have  been  generated 
by  microstructural  consequences  of  manufacturing  process  improvemenu.  The  potential  performance  benefits  of  quality-improved  materials  have  thus  remained 
inaccessible  to  aiiframers,  who  lack  the  means  of  specifying  such  materials  or  characterizing  their  merits  without  committing  massive  testing  resources.  Opportunities  for 
reducing  airframe  weight  and/or  cost  have  thus  been  losL 

A  program  of  experimental  and  analytical  usks  has  been  conducted  to  develop  a  path  for  defining  the  linkage(s)  between  microstructural  characteristics  and  fatigue 
performance  in  an  aluminum  alloy  typically  used  for  airframe  structural  applications.  Within  the  framewcnk  of  this  overall  objective,  life-limiting  microstmctural  features 
have  been  classified  and  ranked  by  severity,  and  models  to  quantitatively  describe  the  evolution  and  growth  of  macrostructural  cracks  from  those  features  have  been 
developed.  The  use  of  these  models  to  probabilisticaUy  describe  the  structural  implications  of  different  levels  of  microstructural  quality  has  been  demonstrated,  thereby 
allowing  the  effects  of  material  pedigree  to  be  predictively  linked  with  the  structural  integrity  of  end  components. 

The  focus  of  this  work  was  on  several  process  vaiianu  of  aluminum  alloy  7050-T7451  thick  plate.  This  was  dicuied  by  customer  inleiesl,  the  widespread  use  of  thick 
plate  for  fiight-cxiiical  airframe  structural  components,  and  the  particular  characteristics  associated  with  the  manufacturing,  service,  and  maintenance  of  thick  section 
components.  Despite  this  very  specific  basis,  the  results  of  this  contracted  activity  axe  expected  to  be  generally  applicable  to  other  structural  metals  as  well.  The 
conceptual  framework  developed  within  this  program  is  also  broadly  applicable  to  evaluating  s  ructural  implications  of  extrinsic  damage  forms  introduced  during 
manufacturing  or  service  (e.g.,  corrosion  pits,  scratches,  tool  marks)  in  addition  to  intrinsic  microstmctural  features. 

Implications  of  the  program  results  are  broad  and  far-reaching.  The  modeling  framework  has  potential  applications  in  the  airframe  design  process,  and  is  a  potentially 
significant  enabler  for  the  material  and  product  form  selection  processes.  It  also  provides  an  avenue  for  predictively  assessing  the  implications  of  manufaauxing  and 
maintenance  operations  on  aixframe  structural  integrity,  and  thus,  on  service  life.  A  number  of  validation  and  demonstration  tasks  must  be  conducted,  however,  before  the 
full  potential  of  the  basic  technology  can  be  realized.  _ 


20.  DISTRIBUTION/AVAILABILrrY  OF  ABSTRACT 

I  1 UNCLASSIFIED/UNUMITED  [  ^  |  SAMEASRPT  [  |  DTIC  USERS 

21.  ABSTTUCT  SECURITY  CLASSIHCATION 

Unclassified 

22a  NAME  OF  RESPONSIBLE  INDIVIDUAL 

Dr.  L.  E.  Sloter 

22b.  TELEPHONE  (Include  Area  Code) 
(703)  696-1453 

22c.  OFHCE  SYMBOL 

Code-332 

DD  FORM  1473,  84  MAR 


83  APR  edition  may  be  used  until  exhausted 
All  other  editions  are  obsolete 


SECURITY  CLASSIHCATION  OF  THIS  PAGE 
UNCLASSIFIED 


Abstract 


Although  the  role  of  microstructure  on  the  initiation  and  growth  of  fatigue  cracks,  and  thus  the 
fatigue  performance  of  a  structural  metal,  has  long  been  recognized,  quantitative  models  of  the 
linkage(s)  between  microstructural  characteristics  and  structural  fatigue  performance  have  not 
been  widely  available.  The  absence  of  such  models,  coupled  with  the  compositional  basis  of 
material  specifications,  has  limited  the  ability  to  exploit  improvements  in  material  performance 
which  have  been  generated  by  microstructural  consequences  of  manufacturing  process 
improvements.  The  potential  performance  benefits  of  quality-improved  materials  have  thus 
remained  inaccessible  to  airframers,  who  lack  the  means  of  specifying  such  materials  or 
characterizing  their  merits  without  committing  massive  testing  resources.  Opportunities  for 
reducing  airframe  weight  and/or  cost  have  thus  been  lost. 

A  program  of  experimental  and  analytical  tasks  has  been  conducted  to  develop  a  path  for 
defining  the  linkage(s)  between  microstructural  characteristics  and  fatigue  performance  in  an 
aluminum  alloy  typically  used  for  airframe  structural  applications.  Within  the  framework  of  this 
overall  objective,  life-limiting  microstmctural  features  have  been  classified  and  ranked  by 
severity,  and  models  to  quantitatively  describe  the  evolution  and  growth  of  macrostructural 
cracks  from  those  features  have  been  developed.  The  use  of  these  models  to  probabilistically 
describe  the  structural  implications  of  different  levels  of  microstructural  quality  has  been 
demonstrated,  thereby  allowing  the  effects  of  material  pedigree  to  be  predictively  linked  with  the 
structural  integrity  of  end  components. 

The  focus  of  this  work  was  on  several  process  variants  of  aluminum  alloy  7050-T7451  thick 
plate.  This  was  dictated  by  customer  interest,  the  widespread  use  of  thick  plate  for  flight-critical 
airframe  structural  components,  and  the  particular  characteristics  associated  with  the 
manufacturing,  service,  and  maintenance  of  thick  section  components.  Despite  this  very  specific 
basis,  the  results  of  this  contracted  activity  are  expected  to  be  generally  applicable  to  other 
structural  metals  as  well.  The  conceptual  framework  developed  within  this  program  is  also 
broadly  applicable  to  evaluating  structural  implications  of  extrinsic  damage  forms  introduced 
during  manufacturing  or  service  (e.g.,  corrosion  pits,  scratches,  tool  marks)  in  addition  to 
intrinsic  microstructural  features. 

Implications  of  the  program  results  are  Inroad  and  far-reaching.  The  modeling  framework  has 
potential  applications  in  the  airframe  design  process,  and  is  a  potentially  significant  enabler  for 
the  material  and  product  form  selection  processes.  It  also  provides  an  avenue  for  predictively 
assessing  the  implications  of  manufacturing  and  maintenance  operations  on  airframe  structural 
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integrity,  and  thus,  on  service  life.  A  number  of  validation  and  demonstration  tasks  must  be 
conducted,  however,  before  the  full  potential  of  the  basic  technology  can  be  realized. 
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Figure  3.17.  Comparison  between  the  open  hole  fatigue  life  test  data  and  the  calculated  S/N 
curve  for  the  low  porosity  material  The  testing  was  done  at  R  =0.1,  LT  orientation,  T/2 
location,  30  Hz  in  lab  air. 
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Figure  3.18.  Comparison  between  the  open  hole  fatigue  life  test  data  and  the  calculated  S/N 
curve  for  the  thin  material.  The  testing  was  done  at  R  =  0.1,  LT  orientation,  T/2  location,  30  Hz 
in  lab  air. 

Figure  3.19.  Comparison  between  the  open  hole  fatigue  life  test  data  and  model  predictions 
made  using  scaled  microfeature  distributions  from  random  plane  metallography  for  the  low 
porosity  material.  The  testing  was  done  at  R  =  0. 1,  LT  orientation,  T/2  location,  30  Hz  in  lab 
air. 


Figure  3.20.  Comparison  between  the  open  hole  fatigue  life  test  data  and  model  predictions 
made  using  scaled  microfeature  distributions  from  random  plane  metallography  for  the  thin 
material.  The  testing  was  done  at  R  =  0.1,  LT  orientation,  T/2  location,  30  Hz  in  lab  air. 

Figure  3.21.  Plot  of  the  sensitivity  of  the  infinite  life  stress  to  the  local  stress  concentration 
factor  for  both  micropores  and  cracked  particles. 

Figure  3.22.  Stress  concentration  for  a  circular  cavity  of  elliptical  cross  section  as  a  function  of 
the  aspect  ratio. 

Figure  3.23.  Stress  concentration  factors  for  isolated  rigid,  elliptical,  cylindrical  particle. 

Figure  3.24.  Sensitivity  of  fatigue  stress  versus  lifetime  (S/N)  curve  to  particle  size  for  yield 
strength  of  70  ksi. 

Figure  3.25.  Sensitivity  of  fatigue  stress  versus  lifetime  (S/N)  curve  to  yield  stress  for  a  panicle 
size  of  0.005  in.  and  local  stress  concentration  of  =  2.0. 

Figure  3.26.  Comparison  of  fatigue  stress  versus  lifetime  (S/N)  curves  for  particles  and 
micropores  at  different  shapes  which  result  in  different  kj  factors  for  yield  strength  70  ksi, 
particle  size  =  0.005  in. 

Figure  3.27.  Schematic  illustration  of  the  procedure  used  to  calculate  equivalent  lifetime 
microfeature  distributions  for  open  hole  specimen  failures  initiated  at  micropores  in  the  hole 
bore  or  at  particles  at  the  hole  comer. 

Figure  3.28.  Measured  extreme  value  micropore  distribution  from  smooth  specimen  tests  of  the 
now  material  and  the  calculated  particle  distribution  for  comer  initiation  sites  in  open  hole 
specimen  tests  which  results  in  equivalent  lifetimes  as  micropore  initiated  failures  in  the  now 
material. 
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Figure  3.29.  Calculated  “equivalent  life”  particle  distribution  for  comer  initiation  sites  in  open 
hole  specimen  tests  and  the  micropore  distribution  back-calculated  from  smooth  specimen  data 
for  the  low  porosity  material. 

Figure  3.30.  Back-calculated  microporc  distribution  from  smooth  specimen  data  for  low 
porosity  material  and  “equivalent  life”  particle  distribution  for  comer  initiation  sites  in  open 
hole  specimen  tests. 
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1.  Introduction 


Cracks  in  metallic  structural  components  caused  by  cyclic  fatigue  loads  are  a  major  threat  to 
airframe  structural  integrity  and  a  significant  contributor  to  retirements  of  airframes  from  service 
[1-9].  All  metallic  airframe  structures  will  ultimately  develop  cracks  as  a  result  of  cyclic  service 
loads,  either  in  isolation  or  in  potentially  synergistic  combination  with  other  damage 
mechanisms  such  as  corrosion.  In  the  absence  of  remedial  actions,  these  cracks  will  grow  as  a 
result  of  continued  cyclic  service  loads,  with  consequent  degradation  of  airframe  structural 
integrity  and  subsequent  deleterious  effects  on  aircraft  serviceability  and  operating  economics 
[1,  6, 10, 11].  Design  and  operation  of  safe,  reliable,  and  cost-effective  metallic  airframes  thus 
requires  data  and  analytical  methods  for  predicting  the  origination  and  growth  of  cracks,  as  well 
as  their  implications  with  regard  to  airframe  structural  integrity.  These  technical  tools  provide 
the  basis  for  defining  safe  operating  limits,  efficient  maintenance  practices,  and  meaningful 
estimates  of  system  reliability  [5, 9, 12-19]. 

Aircraft  fleet  operators  and  regulatory  agencies  have  developed  a  variety  of  protocols  for 
assuring  that  adequate  levels  of  airframe  structural  integrity  are  maintained  during  service.  The 
U.S.  Navy,  for  example,  has  historical!}'  adopted  the  approach  of  requiring  component  repair  or 
replacement  when  a  detectable  macroscopic  crack  is  discovered  [15].  The  U.S.  Air  Force  has 
adopted  a  more  rigorous  approach  to  schedule  inspections  based  on  design  for  slow  crack  growth 
in  rogue  defective  parts.  The  Air  Force  approach  affirms  fail-safety  by  assuring  that  partial 
failure  will  be  found  through  a  sequence  of  scheduled  inspections  designed  to  promptly  detect 
cracks  and  remove  from  service,  cracked  components  that  would  fail  catastrophically  prior  to  the 
next  scheduled  inspection  [5, 12, 13].  llie  Federal  Aviation  Administration  has  largely  adopted 
the  Air  Force  approach  in  its  requirements  for  commercial  aircraft  fleets,  but  also  requires 
demonstration  that  catastrophic  failure  (loss  of  aircraft)  is  not  probable  after  obvious  partial 
structural  failure,  such  as  that  imposed  by  the  classical  severed  stiffener,  two-bay  crack  criteria 
[6,  8, 16-18]. 


While  these  protocols  aim  to  assure  adequate  margins  of  safety  for  airframe  structures,  they  are 
directed  toward  detection  and  characterization  of  macroscopic  cracks,  i.e.,  those  which  are  large 
in  relation  to  the  microstructural  scale  of  the  material.  Although  it  is  cracks  of  this  scale  which 
are  the  most  immediate  threats  to  airframe  structural  integrity,  initiation  and  growth  of  cracks  at 
the  microstructural  scale,  and  the  growth  of  these  cracks  to  a  macrostructural  scale  is  not 
explicitly  addressed  by  the  traditional  structural  integrity  assessment  protocols.  The  microcrack 
initiation  and  early-stage  crack  growth  ])rocesses,  which  occupy  the  largest  portion  of  a 
component's  serviceable  fatigue  life  (Figure  1.1),  are  instead  commonly  integrated  into 
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experience  based  design  rules  and  procedures  for  setting  cyclic  operating  stress  allowables. 

These  procedures,  which  integrate  all  aspects  of  representative  structural  element  tests,  full 
component  tests,  and  fleet  experience,  have  had  a  long  history  of  satisfactory  service.  They  are 
highly  empirical  in  nature,  however,  and  the  large  degree  of  scatter  inherent  to  fatigue  test  data 
often  requires  generous  factors  of  safety  in  the  design  process.  The  inherent  variability  of 
fatigue  data  also  dictates  significant  levels  of  testing  effort  to  characterize  sensitivities  to 
material,  specimen  configuration  and  loading  conditions  on  structural  element  test  response  and 
its  linkage  to  actual  component  performance. 

Alternative  approaches  for  describing  and  predicting  the  processes  of  microcrack  initiation  and 
growth  are  needed  to  improve  efficiencies  of  airframe  design  and  airworthiness  assurance 
processes,  and  to  facilitate  the  introduction,  acceptance,  and  exploitation  of  new  and  improved 
metallic  materials.  This  need  is  increasing,  as  the  rising  cost  of  replacing  aging  aircraft  with 
newer  ones  becomes  increasingly  untenable  in  times  of  reduced  military  budgets  and  lower 
civilian  transport  revenues..  Operators  of  both  civil  and  military  fleets  are  now  faced  with  the 
necessity  of  extending  the  service  lives  of  their  aircraft  far  beyond  those  envisioned  during 
design.  The  consequent  need  to  contend  with  ever-increasing  levels  of  airframe  fatigue  damage 
will  require  greater  levels  of  increasingly  sophisticated  attention  to  airframe  fatigue  damage  and 
its  structural  integrity  implications. 

Existing  understanding  of  the  fatigue  damage  process  can  be  applied  to  produce  the  needed 
alternatives  to  traditional  fatigue  design  approaches.  It  has  long  been  accepted  within  the 
technical  community  that  development  of  fatigue  damage  in  a  metallic  structural  element  begins 
at  the  microstructural  level.  In  most  cases  the  process  involves  the  interaction  of  remote  cyclic 
stresses,  coupled  with  the  stress  concenirating  effect  of  notched  structural  details  (e.g.,  a  fastener 
hole  or  web-rib  fillet)  that  locally  consu  ains  capacity  of  the  material  to  absorb  the  energy  of 
loading  and  a  crack  is  formed.  Postmortem  evaluations  of  mild  and/or  blunt  notched  element 
failures  reveal  that  lower  bound  fatigue  strength  is  often  linked  to  accelerated  microcrack 
formation  and  growth  originating  from  either  intrinsic  inhomogeneities  (e.g.,  micropores, 
particles)  or  extrinsic  inhomogeneities  associated  with  specimen  manufacture  (e.g.,  tool  marks) 
and/or  simulated  in-service  damage  (e.g.,  corrosion  pits,  joint  fretting).  With  continued 
applications  of  cyclic  loads,  the  emerging  lead  macrocrack  grows  to  a  terminal  size  at  which 
rapid  fracture  ensues.  Rates  of  microcrack  growth  and  coalescence  can  be  accelerated  by  other 
microstructural  inhomogeneities,  which  may  locally  increase  the  stress  field  at  the  tip  of  the 
advancing  microcrack  and/or  create  secondary  microcracks  which  subsequently  link  with  the 
lead  crack. 
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The  initiation  of  microcracks  and  their  growth  to  macrostructural  size  comprise  a  large  portion 
of  the  total  fatigue  life  of  a  structural  component.  Results  from  a  number  of  investigations 
suggest  that  fatigue  microcracks  frequently  originate  at  microfeatures  on  the  scale  of  0.0005  inch 
to  0.020  inch  at  a  relatively  early  stage  of  the  fatigue  process,  and  that  propagation  of  these 
cracks  to  macrostructural  size  often  occupies  a  large  percentage  (50%  to  90%)  of  the  fatigue  life, 
regardless  of  applied  cyclic  stress  levels  [10, 19-49].  Once  the  crack  reaches  a  macrostructural 
size  (at  which  point  it  becomes  a  detectable  flaw),  its  rate  of  fatigue  growth  is  usually  fast 
enough  to  require  prompt  remedial  action  to  assure  continued  component  functionality.  The 
microcrack  initiation  and  growth  processes  are  thus  the  keys  to  structural  fatigue  performance  of 
metallic  airframe  components.  The  distribution  and  size  of  microfeatures,  in  turn,  are  the  keys 
to  microcrack  initiation  and  growth. 

Although  the  role  of  microstructure  on  structural  fatigue  performance  has  been  widely 
recognized  for  some  time,  a  quantitative  link  between  microstructural  quality  of  a  material  and 
fatigue  performance  of  a  structural  component  has  not  evolved.  Because  existing  materials 
specifications  reflect  only  static  mechanical  properties,  chemical  composition  and  product  form, 
the  absence  of  a  predictive  model  for  the  fatigue  implications  of  microstructural  quality  has 
inhibited  attempts  to  exploit  improvements  in  material  performance  which  have  been  generated 
by  microstructural  consequences  of  processing  improvements.  While  this  shortcoming  affects 
all  types  of  metallic  aerospace  structural  materials,  it  is  particularly  significant  in  the  case  of 
thicker  product  forms  such  as  forgings,  thick  plate,  and  thick  extrusions. 

Several  factors  contribute  to  the  particular  importance  of  the  microstructure/fatigue  link  in  thick 
product  forms.  Microstructural  uniformity  is  much  more  difficult  to  achieve  in  thick  product 
forms  than  in  their  thinner  counterparts,  due  to  practical  limitations  in  foundry,  heat-treating, 
and  mechanical-working  practices.  Thick  product  forms  thus  inherently  exhibit  higher  densities 
of  larger  microstructural  features  with  the  potential  of  initiating  macrocracks  than  do  thinner 
product  forms.  The  cost  of  thick  product  forms  is  relatively  high,  and  their  use  may  entail 
significant  machining  effort.  They  are  thus  significant  investments,  which  sometimes  require 
substantial  production  lead  times.  These  types  of  products  are  commonly  used  for  internal 
airframe  structure,  moreover,  which  increases  the  difficulty  and  cost  of  inspection  and  repair  or 
replacement  procedures.  Thick  internal  components  are  also  relatively  immune  from 
macrostructural  service  damage  such  as  nicks  and  dings,  which  elevates  the  importance  of 
microstructural  features  as  the  initiator  of  life-limiting  damage. 

The  need  to  more  accurately  and  predictively  model  the  effects  of  microstructural  characteristics 
on  structural  fatigue  performance  led  the  Office  of  Naval  Research  (ONR)  to  initiate  a  program 
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toward  that  end  in  1991.  In  addition  to  related  programs  investigating  steels,  nickel  based 
alloys,  polymers  and  electronic  materials,  a  program  was  initiated  to  examine  and  model 
microstructural  influences  in  thick  aluminum  based  structural  airframe  components.  This 
program  consisted  of  two  parallel  elements,  one  conducted  at  UCLA  under  the  direction  of 
Professor  M.  A.  Przystupa  of  the  Department  of  Materials  Science  and  Engineering,  and  one 
conducted  at  the  Alcoa  Technical  Center.  The  latter  element  of  the  ONR  program  is  described 
in  this  report. 

1.1  Objectives 

The  overall  objective  of  the  work  reported  herein  was  to  establish  a  technical  path  for 
quantitatively  and  predictively  defining  the  effects  of  microstructural  characteristics  on  the 
fatigue  performance  of  thick-section  metallic  airframe  structural  components.  This  objective 
was  intended  to  support  a  number  of  fundamental  technical  needs.  Development  of  the  technical 
path  would  improve  the  predictability  of  durability  and  damage  tolerance  characteristics  for 
thick-section  airframe  structural  components  beyond  the  level  achievable  with  existing 
technology.  It  would  also  establish  a  technical  basis  for  defining  guidance  to  extend  the  service 
lives  of  such  components  beyond  the  conservative  bounds  dictated  by  the  uncertainties  of  current 
technology.  The  envisioned  technical  path  would  also  provide  insights  into  ways  to  improve  the 
fatigue  performance  of  thick-section  product  forms  of  metallic  aerospace  products  by  process 
control  of  microstructural  characteristics. 

A  number  of  subsidiary  objectives  were  defined  within  the  context  of  the  overall  program 
objective.  These  subsidiary  objectives,  all  of  which  support  the  main  program  objective,  are  the 
goals  for  the  main  phases  of  the  program.  The  first  such  goal  is  to  develop  data  for 
quantitatively  linking  measurable  characteristics  of  material  microstructure  with  long-term 
fatigue  performance.  The  second  phase  goal  was  to  develop  models  to  predict  fatigue 
performance  based  on  the  microstructural  characteristics,  and  apply  the  data  and  models  to 
generate  quantitative  results  which  would  demonstrate  the  potential  fatigue  performance 
improvements  to  be  realized  from  the  use  of  material  and  process  controls  which  reduce  the 
number  and  size  of  life-limiting  microfeatures.  The  third  subsidiary  objective  of  the  program 
was  to  define  a  path  for  integrating  the  modeling  of  microstructure  and  its  fatigue  performance 
implications  into  existing  airframe  design  and  risk  assessment  methodologies. 
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1.2  Technical  Approach 


The  technical  approach  for  the  program  was  divided  into  three  main,  and  generally  consecutive, 
phases,  each  corresponding  to  one  of  the  three  subsidiary  program  objectives.  The  first  phase, 
that  of  generating  data  and  quantitatively  linking  microstructural  characteristics  with 
macrostructural  fatigue  performance,  was  conducted  in  two  parallel  and  interlinked  tasks.  The 
first  task  consisted  of  a  series  of  fatigue  tests,  carried  out  on  samples  of  thick  plate  of  a  single 
alloy  and  temper  but  of  differing  processing  pedigrees.  Results  of  these  tests  provided  the 
required  fatigue  characterization  of  the  material  as  a  function  of  processing  pedigree. 

Subsequent  microstructural  characterization  and  examination  of  the  failed  specimens  provided 
data  concerning  the  microstructural  characteristics  of  the  different  material  pedigrees  and  the 
speciric  microstructural  feature(s)  at  which  specimen  failure  had  originated.  These  data  and 
characterizations  provide  the  quantitative  link  between  material  microstructure  and  fatigue 
performance. 

The  second  task  of  the  program  was  focused  on  modeling,  the  basis  of  which  has  foundation  in 
the  crack  growth  based  durability  evaluation  framework  introduced  by  the  Air  Force  [14,  34,  37, 
50-53].  The  modeling  approach  utilizes  conventional  fracture  mechanics  technology  and  the 
assumption  that  lifetime  is  predictable  as  crack  growth  from  material  life-limiting  microfeatures, 
that  in  turn  can  be  modeled  as  pre-existing  cracks.  The  effects  of  crack -initiating  microstructural 
feature  type  are  incorporated  into  the  life  analysis  through  their  effects  on  the  crack  driving 
force,  and  the  statistical  aspects  of  microfeature  distribution  within  each  material  pedigree  are 
accounted  for  by  incorporating  a  probabilistic  sampling  method.  The  model  crack  growth 
calculations  are  made  deterministically  to  verify  and  tune  the  model  for  each  material  pedigree. 
Probabilistic  predictions  are  then  made  using  knowledge  of  microfeature  distribution.  Finally, 
the  model  is  used  for  parametric  studies  of  effects  of  material/microstructural  parameters  on  test 
performance. 

The  third  task  was  to  define  a  path  for  technology  transfer  which  enables  the  capture  of  value 
from  the  program.  Three  opponunities  for  technology  transfer  have  been  envisioned.  Material 
design  is  one  of  the  three  technology  transfer  paths  where  material  optimization  can  be  achieved 
faster  and  more  economically.  The  modeling  technology  can  also  be  transferred  to  structural 
design  and  evaluation  enabling  employment  of  improved  materials  to  reduce  weight,  increase 
service  life,  and/or  improve  durability.  Finally,  the  program  can  be  applied  for  life  extension 
studies  to  evaluate  structural  implications  of  a  variety  of  discrete  damage  forms  incurred  during 
service. 
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2.  Alloy  7050  Plate  Characterization 
2.1  Background 

The  scope  of  this  program  has  focused  on  the  use  of  alloy  7050  thick  plate  because  of  its 
relevance  to  Naval  aircraft.  Alloy  7050  was  developed  to  meet  the  Navy's  demand  for  high 
strength  combined  with  optimum  balance  of  ductility,  damage  tolerance,  and  corrosion  resisting 
properties  in  thick  product  gauges  (typically  >  4  in.)  [54-56].  Over  the  past  two  decades,  alloy 
7050  plate  has  attained  widespread  use  as  the  aluminum  product  of  choice  for  many  military  and 
civil  airframe  component  applications  denoted  as  fracture  critical.  Of  these,  the  most  demanding 
7050  usages  typically  entail  large,  machined  web-rib  components  such  as  bulkheads,  spars,  and 
assorted  structural  fittings  that  form  the  airframe  support  structure. 

The  interest  in  thick  plate  product  is  based  on  several  practical  considerations.  In  general,  thick 
plate  fatigue  strength  ranks  lower  than  that  of  thin  plate  of  the  same  alloy.  In  thick  plate  gauges 
(>  4  in.),  uniform  metal  quality  is  difficult  to  achieve  because  deformation  during  rolling  is  often 
insufficient  to  effectively  heal  microporosity  and/or  break  up  remnants  of  the  original  cast 
structure.  These  features  can  shorten  life  of  cyclically  loaded  components  by  accelerating  the 
initiation  of  fatigue  cracks.  The  effect  is  demonstrated  by  the  result  of  Figure  2.1,  which  shows 
that  the  mechanical  work  associated  with  rolling  to  a  thinner  gauge  plate  results  in  longer  cyclic 
life  [32].  In  this  instance,  high  resolution  fractography  confirmed  microporosity  as  the  failure 
initiating  microfeature,  and  the  size  of  microporosity  was  observed  to  decrease  with  plate 
thickness  reduction. 

Other  issues  impacted  this  program’s  decision  to  focus  on  thick  plate  product.  Integrally  ribbed 
parts  machined  from  thick  plate  often  constitute  an  appreciable  percentage  of  airplane  structural 
weight.  Thus,  higher  performing  materials  that  enable  operating  stress  increases  in  such  parts 
offer  the  promise  of  substantial  saving  in  airframe  structural  weight.  Though  thick  internal 
structure  does  not  experience  the  same  level  of  traffic  damage  as  outside  skins,  crack  prevention 
and  control  within  the  former  is  even  more  critical  since  the  internal  frame  carries  a  higher 
percentage  of  the  applied  loadings.  Thick  internal  structure  is  generally  more  difficult  to  inspect 
because  of  its  limited  visual  access,  and  necessary  repair  and/or  replacement  of  such  parts  can 
involve  appreciable  downtime  and  expense.  In  addition,  monolithic  web-rib  parts  possess 
neither  the  redundancy  nor  crack  stopping  features  of  mechanically-fastened  skin/stiffener 
arrangements.  As  such,  implementation  of  strategies  to  resist  nucleation  and  growth  of  cracks 
from  intrinsic  material  microfeatures  represents  a  key  planning  element  to  meeting  the  safety 
and  economic  demands  of  thick  internal  airframe  structure.  All  of  the  above  factors  indicate  that 
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there  is  significant  weight,  safety  and  economic  benefits  to  be  gained  by  improving  upon  the 
predictive  and  performance  aspects  of  thick  aluminum  product  fatigue  behavior. 

2,1.1  7050  Thick  Plate  Historical  Perspective.  Continuous  improvements  to  alloy  7050  plate 
production  practices  have  been  ongoing  since  product  inception  [54,  55],  Alloy  7050  continuous 
improvement  activities  during  the  late  1970's  to  early  1980's  focused  on  static  strength  properties 
and  mill  recovery  rates,  the  latter  having  the  aim  to  reduce  the  number  of  thick  plate  ultrasonic 
quality  rejections.  By  the  early  1980’s,  modest  increases  over  original  7050  strength  properties 
had  been  achieved  and  incorporated  into  MIL-HDBK  5  [32].  Over  this  same  time  frame, 

Alcoa's  7050  production  practices  had  also  evolved  to  a  stage  where  the  commercially  produced 
plate  routinely  met  industry  specification  requirements  for  ultrasonic  soundness  [32].  Despite 
these  improvements,  airframers  still  had  concern  over  the  quality  of  thick  7050  plate  because 
some  finish  machined  parts  were  experiencing  problems  with  dye  penetrant  rejections  [57]. 
Consequently,  throughout  the  1980’s  Alcoa  and  other  producers  stepped-up  activity  to  further 
improve  quality  of  7050  thick  plate  [32]. 

As  further  continuous  improvements  evolved  during  the  mid  1980's,  little  additional  increase  in 
7050  static  strength  properties  was  noted,  except  for  a  modest  elevation  in  short  transverse 
ductility.  The  same  process  refinements,  however,  produced  dramatic  reductions  in  dye 
penetrant  indications  and  increases  in  smooth  axial  fatigue  lifetimes  [32].  Fractography  of  the 
failed  smooth  fatigue  specimens  revealed  a  correlation  between  cyclic  performance  and  size  of 
the  failure-initiating  microfeature  (in  this  case  microporosity)  where  longer  lifetimes  were 
achieved  with  a  reduction  in  feature  size  [32-34,  37, 38, 43].  These  observations  led  to  the 
subsequent  adaptation  of  smooth  fatigue  testing  as  a  quality  assurance  tool  for  control  of 
production  material  quality  [32, 58]. 

One  of  the  first  attempts  to  evaluate  the  potential  service  implications  of  fatigue  improved  7050 
plate  utilized  a  probabilistic  fracture  mechanics  based  durability  assessment  model  developed 
under  the  auspices  of  the  U.S.  Air  Force  [10, 14,  50-53].  The  analytical  procedure  entailed 
developing  probabilistic  projections  of  component  cracks  arriving  at  some  predetermined  size 
after  a  specified  period  of  simulated  service  loads.  The  size  distribution  of  smooth  specimen 
failure  initiating  microfeatures  and  the  material  da/dN  relationship  comprised  the  material  inputs 
used  in  the  calculation.  The  model  then  calculated  crack  size  exceedance  probabilities  as  a 
function  of  the  loading  conditions  representative  of  a  fighter  aircraft  lower  wing.  The  analysis 
showed  that  the  level  of  7050  plate  quality  improvement  which  had  been  achieved  had 
substantial  structural  benefit  potential  as  measured  by  reduced  incidences  of  cracking  in  process- 
improved  material  [34]. 
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The  above  analytical  computation  relied  on  a  measure  of  the  size  population  of  life-limiting 
microfeatures  as  a  starting  point  for  the  probabilistic  crack  growth  analysis.  In  this  case,  the  size 
distribution  of  the  failure-initiating  microfeatures  was  obtained  by  direct  measurement  from  the 
fatigue  specimen  fractures.  This  approach  is  both  time-consuming  and  costly.  To  simplify, 
fracture  mechanics  computational  analysis  was  used  to  convert  cyclic  lifetime  data  into  an 
equivalent  initial  flaw  size  (EIFS)  population  [37].  The  EIFS  represents  an  idealized  (elliptical) 
shaped  flaw  of  given  size,  which  if  grown  forward  according  to  the  conventional  fracture 
mechanics  crack  growth  law,  produces  a  lifetime  equal  to  that  measured  by  experiment.  In 
principle  the  EIFS  distribution  can  be  envisioned  as  a  material  characteristic  indicative  of  the 
"initial  fatigue  quality"  of  the  material. 

The  calculation  of  the  EIFS  distribution  is  done  by  back-extrapolating  the  smooth  specimen 
lifetime  data  to  zero  cycles.  To  verify  applicability  of  the  EIFS  concept,  fatigue  damage  from 
microstructural  feamres  was  calculated  according  to  classical  linear  elastic  fracture  mechanics 
[37].  The  calculation  utilized  a  stress  intensity  factor  solution  from  Newman  and  Raju  [59, 60] 
to  approximate  an  equivalent  initial  surface  flaw  in  a  round  bar  specimen.  An  aspect  ratio  (a/c) 
of  0.8  was  chosen  since  it  approximates  the  equilibrium  shape  partial-thickness  crack  for  a 
uniformly  loaded  round  tensile  bar  [32, 60].  The  fatigue  crack  growth  rate  relationship  used  was 
obtained  from  archival  data  developed  from  commercial  7050  plate  product.  Figure  2.2  shows 
the  predicted  relationship  of  EIFS  and  specimen  life  alongside  experimental  results  portraying 
the  size  of  actual  failure-initiating  microfeatures  and  their  corresponding  test  lives.  The 
experimental  data  were  smoothed  using  a  running  average  of  ten  successive  data  points  to  more 
clearly  define  the  trend.  The  predicted  lifetimes  are  in  good  agreement  with  the  experimental 
data.  Also  shown  in  the  figure  are  experimental  data  from  specimens  containing  small  machined 
flaws.  Again  the  data  show  good  agreement  with  the  lifetime  calculations.  These  results  are 
significant  for  a  couple  of  reasons.  First,  the  data  show  a  consistent  relationship  between 
microfeature  size  and  fatigue  lifetime  regardless  of  whether  they  are  naturally  occurring 
microstructural  features  or  machined  flaws.  Secondly,  the  calculations  verify  the  applicability  of 
fracture  mechanics  to  describe  fatigue  crack  growth  from  features  on  the  scale  of  the  life- 
limiting  microstructural  features.  Further  details  on  the  analytical  modeling  process  is  deferred 
to  a  later  section  of  the  report. 

Through  the  mid-1980's  the  7050  fatigue  quality  improvement  had  been  mostly  substantiated  by 
smooth  coupon  testing  and  the  Air  Force  analytical  methodology.  However,  the  question  still 
remained  whether  the  material  improvement  would  translate  to  an  increase  in  structural 
performance  where  geometric  stress  concentrations  and  possibly  machining  defects  could 
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override  the  microstructural  influence.  An  experimental  investigation  was  conducted  which 
examined  the  open  hole  fatigue  performance  of  low  and  high  microporosity  material  using 
specimens  containing  open  holes  subjected  to  constant  amplitude  loading  [33].  The  test  results 
clearly  showed  longer  lifetimes  for  the  low  porosity  material.  Postmortem  failure  analysis 
showed  that  the  fatigue  failures  initiated  from  micropores,  and  not  from  machining  flaws,  even 
though  no  special  care  was  taken  in  the  preparation  of  the  holes.  Later  open-hole  specimen 
testing  on  7050  alloy  plate  which  contained  even  lower  levels  of  microporosity  showed  failures 
initiating  from  micropores  in  the  more  porous  material,  whereas  machining  burrs  at  the  hole 
edge  acted  as  initiation  sites  in  the  higher  pedigree  material  [38].  This  demonstrated  that 
improved  material  quality  should  lead  to  improved  structural  performance  in  the  presence  of 
engineering  detail,  but  attention  to  manufacturing  quality  is  essential  to  capture  full  benefit  of 
improved  materials.  Procedures  have  since  been  developed  to  establish  improved  fatigue 
strength  allowables  resulting  from  the  increase  in  lifetime  due  to  metal  quality  improvement 
[61]. 

The  material  quality  improvements  which  have  been  shown  to  increase  coupon  fatigue  lifetimes 
were  attractive  enough  to  undertake  the  next  stage  of  verification  involving  test  conditions  more 
representative  of  actual  service.  To  do  this,  a  cooperative  test  program  was  initiated  between  the 
Air  Force  Wright  Laboratories  and  Alcoa  aimed  at  investigating  the  effect  of  material  quality  on 
fatigue  performance  as  measured  by  various  types  of  structural  element  tests,  each  containing 
representative  aspects  of  geometric  detail,  flight  loadings  and  airplane  assembly  practices  [43, 
62].  The  fatigue  testing  was  performed  on  two  7050  alloy  thick  plate  variants  possessing 
different  levels  of  microporosity.  The  7050  variant  of  lesser  pedigree  (greater  number  of 
micropores)  was  purposely  made  to  be  representative  of  the  pre-1984  commercial  product 
capability,  while  the  variant  of  higher  pedigree  was  representative  post- 1985  product  capability 
(later  referred  to  in  this  report  as  the  "old"  and  "now"  materials,  respectively).  The  AlcoaAJSAF 
program  evaluated  specimens  containing  open  holes,  specimens  with  filled  fastener  holes,  multi- 
holed  panels  and  assembled  double  lap  joint  specimens.  All  specimens  were  prepared  using 
standard  airplane  machining/manufacturing  practices.  Under  all  test  conditions  examined,  the 
material  with  lower  microporosity  levels  outperformed  the  material  with  higher  microporosity 
levels.  Moreover,  the  performance  improvement  demonstrated  by  the  higher  pedigree  material 
was  more  than  incremental  [43].  The  findings  from  this  program  helped  lend  credence  to  the 
claim  that  structural  upgrading  should  be  highly  attainable  through  improvement  and  control  of 
intrinsic  metal  quality. 
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The  previous  work  had  clearly  demonstrated  advantage  of  metal  quality  improvement  on  fatigue 
performance  and  its  potential  benefit  in  structural  airframe  applications.  Despite  the  apparent 
advantages  to  airframe  longevity  and  performance,  the  industry  has  not  amply  utilized  the 
available  knowledge  and  tools  to  develop  and  capture  the  full  advantage  of  improved  quality 
materials  and  manufacturing  processes.  As  stated  previously,  the  objectives  of  this  program  are 
to:  (1)  link  microstructure  with  fatigue  damage  evolution  and  crack  growth,  (2)  quantify  fatigue 
durability  improvements  attainable  through  optimizations  of  microstructure,  and  (3)  develop  and 
refine  tools  for  prediction  of  the  above. 

The  considerable  historical  fatigue  test  data  and  analysis  that  have  been  generated  for  alloy  7050 
provide  an  excellent  opportunity  to  pursue  these  objectives.  Material  with  varying  intrinsic 
inhomogeneity  populations  are  made  available  to  this  program  to  quantify  their  effect  on  fatigue 
performance  and  to  provide  benchmark  data  to  establish  predictive  protocols  which  incorporate 
microstructure. 

2.2  Materials 

Alloy  7050  plate  was  selected  as  the  material  for  evaluation  in  this  program.  This  was  due  in 
part  to  the  relevant  Navy  interests  discussed  previously.  In  addition,  different  processing  routes 
were  used  to  controllably  modify  the  7050  plate  microstructure.  Four  microstructural  variants  of 
7050  plate  in  the  T7451  temper  condition  were  produced  for  this  program.  All  four  variants 
were  manufactured  on  a  plant  scale  to  provide  a  range  of  microstructural  feature  types  and 
distributions  known  to  affect  fatigue  life  [32,  37,  38, 44,  63-65].  The  principal  types  of 
microstructural  features  of  concern  to  this  program  are  micropores,  constituent  particles  and 
grain  structure,  as  described  below: 

•  Microporositv  forms  during  ingot  casting  and  is  concentrated  at  the  center  of  the  ingot  since 
that  is  the  last  region  to  solidify  during  casting.  Microporosity  present  in  the  original  cast 
starting  stock  heals  during  rolling,  however,  in  thicker  (>  4  in.)  plate  gauges  there  is  seldom 
enough  deformation  to  effectively  heal  all  of  the  microporosity,  particularly  so  at  the 
midthickness  location.  Fractographic  examinations  of  cyclically  loaded  specimens  removed 
from  the  midplane  (T/2)  location  of  thick  plate  will  often  reveal  microporosity  at  the  failure 
origin.  Failure-initiating  micropores  of  sizes  ranging  between  0.001  and  0.020  in.  diameter 
is  typical  of  aerospace  thick  plate  commercially  produced  within  the  last  two  decades. 
Increasing  the  rolling  deformation  to  produce  thinner  plate  will  generally  result  in  better 
healing  and  smaller  crack  initiating  micropores.  Given  enough  mechanical  work,  the 
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healing  process  can  become  so  effective  that  microporosity  no  longer  remains  the  dominant 
crack-initiating  microfeature. 

•  Alloy  7050  has  two  common  insoluble  constituent  particle  phases,  Al7Cu2Fe  and  Mg2Si. 
These  intermetallic  compounds  form  during  ingot  casting.  Once  they  form,  they  cannot  be 
dissolved  by  a  solid  state  transformation  so  they  are  present  in  the  final  product.  The 
particles  can  be  broken  up  through  mechanical  work,  thus,  they  often  lie  in  stringers  which 
are  elongated  in  the  plate  rolling  direction.  In  thick  plate  the  particle  size  distribution 
typically  ranges  from  0.0003  to  0.0100  in.  In  the  absence  of  microporosity,  constituent 
particles  tend  to  become  the  dominant  life-limiting  material  microfeature. 

•  In  the  absence  of  large  microstructural  inhomogeneities,  fatigue  damage  initiation  can  be 
controlled  by  the  grain  structure.  Stage  I  type  slip  based  fatigue  initiation  mechanisms  can 
occur  and  are  influenced  by  the  grain  structure.  Rolling  of  thick  plate  flattens  the  original 
cast  grain  structure  producing  a  pancaked  grain  morphology.  Thinner  plate  gauges  possess 
a  mote  flattened  or  refined  grain  structure  than  thick  plate  gauges.  This  refinement  may 
provide  more  resistance  to  slip-based  fatigue  initiation  mechanisms  because  of  the  reduced 
free  slip  distances.  Grain  structure  can  be  thought  of  as  the  "default"  intrinsic  crack- 
initiating  microfeature  that  becomes  operative  in  the  absence  of  overriding  microfeatures 
such  as  micropores  or  particles. 

A  description  of  the  four  7050-T7451  plate  microstructural  variants  provided  for  use  in  this 
program  follows. 

The  first  microstructural  variant  is  called  old  material.  Old  material  is  fabricated  using  plant 
production  practices  typical  of  those  used  prior  to  1984.  This  variant  is  characterized  by 
significant  levels  of  microporosity  located  primarily  at  the  plate  centerline.  Two  production  lots 
of  plate  which  were  both  5.7  in.  thick  were  used  to  supply  this  material  variant  for  the  program. 
Despite  the  levels  of  microporosity  which  exist  in  the  plate,  it  still  meets  the  current  specification 
limits  on  mechanical  properties.  Thus,  if  existing  certification  were  to  be  based  on  static 
properties  alone  (as  is  commonly  done  today  for  most  plate  procurements),  the  material  would 
be  considered  acceptable. 

The  second  microstructural  variant  is  called  now  material.  The  now  material  variant  represented 
the  standard  plant  production  product  which  was  available  commercially  at  the  inception  of  this 
program.  (Author's  note:  Originally  this  microstructural  variant  was  referred  to  in  this  program 
as  new  quality  plate.  Since  Alcoa  is  continuing  to  develop  improvements  to  its  plate  products. 
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this  variant  is  no  longer  referred  to  as  new  but  is  called  now  material.)  Two  production  lots  of 
plate  which  were  both  5.7  in.  thick  were  used  to  supply  this  material  variant  for  the  program. 

The  plate  is  characterized  by  reduced  levels  of  midplane  microporosity  compared  to  the  old 
plate.  The  reductions  in  microporosity  have  resulted  in  improvements  in  the  material's  fatigue 
performance.  In  recognition  of  this  improvement,  this  material  is  sold  to  several  customers  with 
a  guarantee  on  fatigue  performance  and  every  production  lot  of  material  is  fatigue  tested. 

The  third  microstructural  variant  used  in  this  program  is  called  low  porosity  material.  The  low 
porosity  variant  is  fabricated  using  special  practices  which  further  reduce  the  midplane 
microporosity  compared  to  the  now  variant.  A  single  lot  of  6.0  in.  thick  plate  of  low  porosity 
plate  was  made  available  for  the  program.  This  variant  is  produced  on  a  plant  scale,  but  the 
manufacturing  methods  used  are  more  costly  than  today's  standard  commercial  fabricating 
practices.  As  a  consequence  this  material  is  not  available  commercially  at  this  time.  The  low 
porosity  plate  is  characterized  by  further  reduced  levels  of  midplane  microporosity  compared  to 
the  now  variant. 

The  final  material  which  was  made  available  for  this  program  is  thin  material.  The  thin  material 
is  1.0  in.  thick  plate  produced  according  to  standard  production  practices  for  that  product.  The 
large  thickness  reductions  which  this  material  receives  during  rolling  to  the  thinner  gauge  result 
in  almost  no  microporosity  present  in  the  material.  In  addition,  the  microstructure  is  more 
refined  due  to  break-up  of  the  original  cast  structure  and  flattening  of  the  original  cast  grains. 
Thus,  constituent  particles  which  form  in  the  ingot  during  solidification  are  broken  up  and  are  of 
a  smaller  size  than  in  thicker  products. 

These  four  materials  present  a  hierarchy  of  microstructural  features  that  influence  the  fatigue 
longevity  of  aluminum  alloy  7050  plate.  The  principle  types  of  microstructural  features  of 
concern  to  this  program  are  micropores,  constituent  particles  and  grain  structure.  These  intrinsic 
microstructural  featiues  act  as  sites  for  the  initiation  of  fatigue  cracks.  The  key  microstructural 
features  of  the  four  7050  plate  microstmctural  variants  are  summarized  in  Table  2.1a,  and  the 
static  mechanical  properties  of  the  materials  are  given  in  Table  2.1b. 

2.3  7050  Fatigue  Testing 

Fatigue  testing  has  been  performed  on  the  four  7050-T7451  microstructural  variants  to  quantify 
the  influences  of  the  various  microstructural  features  on  fatigue.  Both  smooth  round  specimens 
and  flat  bar  specimens  with  two  open  holes  were  tested.  Drawings  of  both  are  shown  in 
Figure  2.3.  The  two  specimen  types  were  used  for  a  couple  of  reasons.  The  smooth  specimen 
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test  is  the  most  sensitive  to  microstructural  influences  because  the  test  section  is  uniformly 
stressed,  and  the  failure  will  seek  out  the  dominant  (generally  the  largest)  inhomogeneity  in  the 
specimen  test  section.  The  open  hole  specimen,  on  the  other  hand,  has  a  notch  stress 
concentration  at  the  holes,  and  the  volume  of  material  seeing  the  highest  stress  is  much  smaller. 
Thus,  this  test  will  be  more  sensitive  to  the  frequency  distribution  of  microstructural 
inhomogeneities.  It  is  important  to  understand  the  influences  of  stress  concentration  gradients 
and  microfeature  type,  size  and  frequency  distributions  if  this  work  is  to  be  scaled  for  design  and 
life  assessment  of  actual  aircraft  parts. 

The  smooth  fatigue  test  specimens  were  machined  with  the  long  (or  axial  load)  dimension 
parallel  to  the  long  transverse  direction  of  the  plate  (LT  test  direction)  and  centered  about  the 
plate  midplane  (T/2  plane).  This  test  orientation  was  chosen  to  place  the  most  elongated 
dimension  of  the  life-controlling  microfeature  normal  to  the  direction  of  specimen  loading.  The 
tests  were  conducted  in  laboratory  air  with  a  stress  ratio  of  0.1,  with  maximum  cyclic  stresses  of 
35  ksi  for  the  old  and  now  material,  40  ksi  for  the  low  porosity  material,  and  45  ksi  for  the  thin 
material.  The  stresses  were  increased  for  the  low  porosity  and  thin  variants  because  the  lifetimes 
would  have  been  excessively  long  at  a  lower  maximum  cyclic  stress.  The  specimen  test  sections 
were  prepared  prior  to  testing  by  sanding  longitudinally  with  progressively  finer  sanding  paper 
to  remove  circumferential  machining  marks  which  could  act  as  stress  risers. 

The  open  hole  test  specimens  were  also  oriented  in  the  plate  LT  direction  and  taken  from  T/2 
location  of  the  host  plate.  The  tests  were  conducted  in  laboratory  air  with  a  stress  ratio  of  0.1. 
For  each  of  the  material  variants,  several  stress  levels  were  tested  to  generate  stress  versus 
lifetime  (S/N)  curves.  The  holes  were  deburred  by  polishing  with  diamond  compound  prior  to 
testing.  The  polishing  was  only  done  on  the  comers  and  not  in  the  bore  of  the  hole,  and  resulted 
in  slight  rounding  of  the  comers.  This  prevented  specimen  failure  initiation  from  machining 
defects.  Hole  debuning  was  implemented  as  a  standard  specimen  preparation  practice  after 
noting  that  the  failure  mode  was  intermixed  between  hole  quality  and  intrinsic  material  features 
in  the  higher  pedigree  materials.  It  was  found  for  the  old  material  that  specimen  failure  initiated 
at  miciDStmctural  inhomogeneities  even  when  the  holes  were  not  deburred. 

The  fatigue  test  results  for  both  the  smooth  and  open  hole  tests  of  the  four  7050  plate  variants 
are  summarized  in  Tables  2.2-2.9.  The  tables  additionally  document  the  initiation  feature  type, 
size  and  location,  as  analyzed  by  SEM  fractography.  The  fractography  results  and  the  analysis 
protocols  for  locating  and  identifying  the  fatigue  initiating  microfeatures  are  detailed  in  the  next 
section.  The  smooth  specimen  fatigue  data  are  plotted  as  cumulative  lifetime  distributions  in 
Figure  2.4.  Despite  the  differences  in  cyclic  stress  for  two  of  the  variants,  the  data  still  show  the 
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ranking  of  fatigue  performance  to  be  old  material,  now  material,  low  porosity  material  and  thin 
material. 

Open-hole  specimen  fatigue  lifetime  data  for  each  of  the  material  variants  arc  plotted  as  stress 
versus  lifetime  (S/N)  curves  in  Figures  2.5-2.8.  Also  shown  are  bounds  around  the  data  which 
represent  the  90%  confidence  limits.  These  confidence  limits  are  calculated  using  a  statistical 
transformation  analysis  of  the  data  after  Box  and  Cox  [66]  which  has  been  applied  to  the 
analysis  of  fatigue  data  [61].  This  analysis  method  allows  for  the  handling  of  censored  data,  or 
data  in  which  the  test  is  stopped  prior  to  failure  due  to  reaching  some  prescribed  number  of 
cycles.  Using  this  transformation  analysis,  the  lower  5%  and  upper  95%  failure  probability 
curves  are  defined.  In  addition,  the  method  can  be  used  to  obtain  a  fit  to  the  mean  (50%)  failure 
probability  curve.  Mathematical  representations  of  S/N  response  in  the  above  fashion  permit 
calculation  of  fatigue  strength  corresponding  to  a  prescribed  lifetime  and  failure  probability.  For 
example,  for  each  of  the  material  variants  a  maximum  cyclic  stress  which  yields  a  lifetime  of 
10^  cycles  or  greater  can  be  calculated  with  either  50%  (mean)  or  95%  certainty. 

The  results  of  the  open-hole  specimen  tests  gave  the  same  relative  ranking  of  materials,  except 
that  the  now  material  and  the  low  porosity  material  had  the  same  lifetimes.  This  occurred 
despite  the  observed  differences  in  smooth  fatigue  lifetimes.  The  reason  for  the  difference  in 
smooth  and  open  hole  specimen  performance  lie  in  the  mechanisms  of  fatigue  initiation.  The 
details  of  the  mechanisms  of  fatigue  crack  initiation  and  the  correlation  with  key  microstructural 
features  is  discussed  in  the  next  section  on  fractography. 

The  fatigue  data  presented  represent  a  substantial  database  and  are  a  primary  program 
deliverable  to  the  Navy.  These  data  clearly  show  that  fatigue  lifetime  capability  of  plate  can  be 
affected  by  changes  in  manufacturing  practices,  which  in  turn  alter  the  distribution  statistics  of 
life-limiting  microfeature  populations.  The  differences  in  smooth  and  open  hole  data  show  that 
the  relative  effects  of  microstructure  are  dependent  upon  loading  condition  and  local  stress 
concentration.  These  results  coupled  with  post  test  fracture  analysis  provide  a  means  for 
understanding  the  mechanisms  by  which  microstructure  affects  fatigue  durability  performance, 
and  provides  a  basis  for  the  development  of  models  which  link  microstructure,  processing  and 
performance. 

2.4  Fractography 

Fractography  of  failed  smooth  and  open  hole  fatigue  specimens  for  the  four  variants  of  7050 
plate  has  been  conducted.  The  purpose  of  this  work  is  to  identify  the  controlling  microstractural 
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features  which  limit  the  fatigue  durability  of  the  material,  and  provide  a  quantification  of  the 
controlling  features  for  use  as  input  to  fatigue  lifetime  prediction  models.  The  dominant 
microstructural  features  for  each  of  the  materials  and  test  types  is  identified  and  the  size 
distributions  of  features  measured.  This  work  establishes  a  hierarchy  of  microstructural  features, 
based  on  their  effectiveness  as  crack  initiators,  which  control  the  total  fatigue  life  capability  of 
each  material  variant.  It  is  also  important  to  establish  the  fact  that  the  impact  of  intrinsic 
material  microstructure  on  fatigue  performance  is  not  superseded  by  the  presence  of  notch  stress 
concentrations. 

The  development  of  microstructure  based  models  for  probabilistic  fatigue  life  assessment 
requires  that  size  distributions  of  crack  initiators  be  quantified  for  each  of  the  material  variants. 
The  crack  initiating  features  typically  represent  the  extreme  values  or  high-end  tail  of  the  feature 
size  distribution,  since  the  fatigue  damage  process  generally  seeks  out  the  largest  flaw  within  the 
material  volume  subjected  to  the  highest  cyclic  stress.  Verification  of  the  modeling  capability  is 
done  by  correlating  model  predictions  with  coupon  specimen  lifetimes,  using  the  measured 
inhomogeneity  size  distribution  developed  from  the  characterization  of  fracture  surfaces  as  the 
starting  point  for  the  calculations. 

A  program  objective  is  to  synthesize  and  demonstrate  feasibility  of  a  modeling  approach  that 
will  enable  prediction  of  material  fatigue  performance  directly  from  knowledge  of  the  material 
microstructure.  The  motivation  here  is  to  examine  an  alternative  evaluation  practice  that  permits 
reduction  in  the  scope  and  scale  of  necessary  fatigue  testing.  Meeting  this  objective  requires  that 
methods  be  developed  to  scale  random  plane  microstructural  characterization  to  the  extreme 
value  size  distribution  of  crack  initiators.  Thus,  the  fracture  surface  characterization  of  the 
extreme  value  inhomogeneity  distribution  is  critical  in  establishing  life  prediction  capability 
based  on  microstructure. 

Scanning  electron  microscopy  (SEM)  was  conducted  for  all  of  the  smooth  and  open  hole 
specimen  fracture  surfaces  for  all  four  material  variants.  This  work  was  performed  at  both 
Alcoa  Laboratories  and  at  UCLA  under  Dr.  Marek  Przystupa’s  ONR  funded  program 
"Development  of  the  Microstructure  Based  Stochastic  Life  Prediction  Models,"  [ONR  Grant  No. 
N(XX)14-91-J-1299].  Tables  22-2.9  summarize  the  smooth  and  open  hole  fatigue  lifetime  data 
and  the  identified  crack  initiating  microstructural  features  for  the  four  7050  plate  material 
variants.  Also  shown  are  the  measurements  of  the  size  and  location  of  the  crack  initiating 
microfeatures  relative  to  the  specimen  dimensions.  Measurement  nomenclature  for  the  crack 
initiating  features  is  defined  in  Figure  2.9.  A  question  mark  in  the  tables  denotes  cases  where 
the  size  of  the  crack  initiating  feature  could  not  be  identified. 
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2.4.1  Smooth  Specimen  Fractographv.  The  smooth  fatigue  failures  for  both  the  old  and  the  now 
variants  were  seen  to  initiate  from  surface  or  near-surface  microporosity.  Failure-initiating 
micropores  typical  of  specimens  from  the  old  and  now  material  variants  are  shown  in  Figure 
2.10.  The  differentiated  cyclic  lifetimes  of  the  two  materials  is  attributed  to  the  size  differential 
of  the  crack-initiating  micropores,  in  this  case  the  old  material  variant  has  the  larger  micropore 
and  the  correspondingly  shorter  lifetime.  Correlation  of  fatigue  specimen  lifetimes  with  size  of 
fatigue  initiating  miciopores,  represented  by  the  maximum  micropore  dimension  measured  from 
the  SEM  photographs,  is  shown  in  Figure  2.1 1.  The  data  show  that  for  increasing  size  of  crack 
initiating  micropores  there  is  a  decrease  in  fatigue  lifetime.  As  can  be  seen  in  Figure  2.1 1,  the 
longer  lived  now  material  had  the  smaller  fatigue  initiating  micropores. 

Fractography  of  smooth  specimen  fatigue  failures  of  low  porosity  material  revealed  that  failures 
initiated  predominantly  at  microporosity  which  was  smaller  than  the  crack  initiating  micropores 
in  either  the  old  or  the  now  materials.  In  several  cases  there  were  constituent  particles  near  the 
micropores,  and  in  some  of  specimens  only  constituent  particles  were  observed  at  the  failure 
initiation  site.  Typical  smooth  fatigue  failure  origins  in  the  low  porosity  material  are  shown  in 
Figure  2.12. 

The  predominant  crack  initiation  mechanism  identified  for  the  thin  material  was  dislocation  slip 
leading  to  Stage  I  cracking.  Figure  2.13  shows  a  typical  initiation  site  in  the  thin  material.  The 
appearance  is  typical  of  the  classic  Stage  I  fatigue  crack  initiation  characterized  by  repeated  slip 
along  crystallographic  planes  leading  to  the  formation  of  a  crack  along  the  persistent  slip  bands. 
One  feature  of  this  type  of  fatigue  initiation  mechanism  is  the  faceted  appearance  of  the 
initiation  site  with  the  crack  propagating  initially  at  an  angle  to  the  stress  axis  along  planes  of 
high  shear  stress.  This  characteristic  is  evident  in  the  micrograph  shown  in  Figure  2.13.  It  is 
likely  for  the  thin  variant  that  there  were  not  any  microstructural  inhomogeneities  of  sufficient 
size  and  severity  to  initiate  fatigue  cracking.  In  only  one  specimen  did  a  constituent  particle  act 
as  the  initiation  site. 

2.4.2  Open  Hole  Specimen  Fractography.  Fractography  of  the  failed  open  hole  specimens  for 
the  old  material  showed  microporosity  at  the  initiation  site  for  the  fatigue  failures,  which 
typically  were  located  within  the  bore  of  the  hole.  In  some  of  the  failures  there  were  multiple 
fatigue  cracks  where  microporosity  was  observed  at  the  origin  of  each  of  the  cracks  that  were 
present.  The  location  of  the  multiple  initiation  sites  varied;  they  were  sometimes  observed  on 
opposite  sides  of  the  hole,  sometimes  more  than  one  initiation  site  was  observed  on  one  side  of 
the  hole,  and  occasionally  a  combination  of  the  two  cases  was  observed.  An  example  of  the 
microporosity  observed  at  the  initiation  sites  in  the  old  material  is  shown  in  Figure  2.14. 
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Observation  of  the  open  hole  fractures  from  the  now  material  showed  that  failures  also 
originated  at  microporosity.  An  initiation  site  for  this  material  is  shown  in  Figure  2.15,  which 
shows  a  micropore  initiated  fatigue  crack.  It  is  worth  pointing  out  here  that  prior  to  establishing 
the  practice  of  deburring  holes,  open  hole  fatigue  tests  were  performed  for  both  materials 
without  deburring  the  holes.  The  old  material  failed  at  micropores  while  all  of  the  now  material 
failures  started  at  burrs  at  the  hole  comers.  The  lifetimes  of  the  now  variant  specimens  were 
longer  than  the  old  variant,  but  shorter  than  when  the  holes  were  deburred.  This  will  be 
discussed  in  more  detail  later  in  the  section  on  hole  quality  effects. 

The  open  hole  specimen  fractography  for  the  low  porosity  material  showed  that  the  failures 
originated  predominantly  from  constituent  particles,  and  in  most  cases  the  particles  were  located 
at  the  comer  of  the  hole  and  the  specimen  surface.  Figure  2. 16  shows  a  fatigue  crack  initiation 
site  to  be  a  constituent  particle  located  at  the  hole  comer.  Detailed  SEM  observation  of  the 
initiation  site  on  opposite  specimen  halves  was  performed  to  determine  the  mechanism  of  crack 
initiation  from  particles.  Figure  2.17  shows  the  opposite  specimen  halves  at  the  initiation  site 
revealing  that  particles  are  located  on  each  half  and  that  they  appear  fragmented.  This  indicates 
that  either  a  closely  spaced  particle  cluster  acted  as  the  initiation  site  or  the  panicle  present 
fractured  leaving  portions  of  the  particle  in  each  specimen  half. 

The  transition  in  fatigue  crack  initiating  features  from  microporosity  in  smooth  specimen  fatigue 
tests  to  particles  in  open  hole  specimens  for  the  low  porosity  material  affects  the  fatigue 
jjerformance  relative  to  the  now  material.  In  the  smooth  specimen  tests  the  low  porosity  variant 
showed  significantly  longer  lifetimes  thiui  the  now  variant,  whereas  in  the  open  hole  tests  the 
lifetimes  of  the  two  materials  are  similar.  The  transition  to  the  particle  initiated  open  hole 
failures  in  the  low  porosity  material  is  most  likely  related  to  the  size  and  distribution  of 
micropores  and  particles  and  the  volume  of  material  subjected  to  the  high  stress.  Since  there  are 
many  more  constituent  particles  than  there  are  micropores  within  the  material,  there  is  a  greater 
probability  of  having  a  particle  or  cluster  of  particles  located  at  a  localized  region  of  high  stress. 
For  the  open  hole  specimen  geometry,  the  most  detrimental  position  for  crack  initiation  is  the 
hole  comer  stress  concentration,  where  kj  is  about  20%  higher  than  in  the  bore  of  the  hole  [67]. 
The  comer  effect  will  be  shown  later  in  the  modeling  portion  of  this  report  which  will  also 
examine  the  relative  driving  force  for  crack  growth  from  micropores  and  constituent  particles. 

The  distribution  of  particles  within  the  hole  bore  of  an  open  hole  fatigue  specimen  can  influence 
the  fatigue  performance.  To  observe  the  nature  of  the  constituent  particle  distribution  in  the  bore 
of  the  hole  of  an  open  hole  specimen,  low  magnification  (25X)  SEM  using  the  backscattered 
electron  detector  was  performed.  In  backscattered  mode  the  Fe-bearing  constituent  particles 
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appear  lighter  than  the  matrix  since  more  electrons  are  reflected  from  the  higher  atomic  number 
elements  (Fe  vs.  Al).  Figure  2.18  shows  the  constituent  particles  which  are  present  in  the  bore 
of  the  hole  for  both  the  now  and  the  low  porosity  variants.  In  both  materials  there  are  signiflcant 
numbers  of  Fe-bearing  constituent  particles  present,  and  it  is  easily  seen  that  there  is  a  high 
probability  of  having  a  particle  located  in  a  region  of  high  stress  concentration  near  the  comer  of 
the  hole  which  would  favor  fatigue  crack  initiation.  Figure  2.19  shows  the  constituent  particles 
in  the  bore  of  the  hole  at  higher  magnification.  It  can  be  seen  that  the  particles  exist  as  clusters 
of  smaller  particles.  The  fatigue  crack  initiation  site  shown  previously  in  Figure  2.17,  where  the 
particle  appeared  fragmented,  is  likely  a  result  of  crack  initiation  from  a  cluster  of  finer  particles 
as  shown  in  Figure  2.19. 

There  is  considerably  more  microporosity  in  the  now  material  compared  to  the  low  porosity 
material.  Thus,  for  the  now  material  there  is  a  higher  probability  of  having  a  micropore  located 
in  the  bore  of  the  hole  which  could  act  as  a  site  for  fatigue  crack  initiation.  The  reduced 
microporosity  distribution  in  the  low  porosity  plate  is  such  that  the  probability  of  having  a 
micropore  located  at  the  bore  of  the  hole  is  low,  and  thus  fatigue  cracks  initiate  at  constituent 
particles  at  the  more  highly  stressed  hole  comer.  The  observance  of  micropore  initiated  failures 
in  both  materials  in  the  smooth  specimen  tests  is  due  to  the  greater  volume  of  material  sampled 
in  the  smooth  test  compared  to  the  open  hole  test.  Because  the  volume  of  material  which  sees 
the  highest  stress  in  the  smooth  specimen  is  so  much  larger  than  in  the  open  hole  test,  there  is  a 
much  higher  probability  of  finding  a  micTopore  favorably  located  for  fatigue  crack  initiation, 
even  for  the  low  porosity  material. 

Open  hole  specimen  fatigue  failures  from  the  thin  material  were  also  examined  under  the  SEM. 
Some  of  the  fatigue  failures  were  observed  to  initiate  at  constituent  particles.  Figure  2.20  shows 
two  examples  of  constituent  particles  at  the  origin  of  the  fatigue  failures.  The  size  of  the 
constituents  is  considerably  smaller  than  the  constituent  particles  seen  to  initiate  failure  in  the 
low  porosity  material.  Additionally,  the  thin  variant  lifetimes  were  much  longer.  It  is  believed 
that  the  increased  lifetime  is  due  to  a  combination  of  the  reduction  in  particle  size  and  the  change 
in  grain  shape  with  larger  reductions  during  rolling.  In  addition  to  the  particle  initiated  failures 
in  the  thin  material,  dislocation  slip  leading  to  Stage  I  cracking  was  also  observed.  Figure  2.21 
shows  this  type  of  initiation  site  observed  in  the  open  hole  specimens  from  the  thin  variant.  This 
mechanism  was  also  observed  for  smooth  specimen  fatigue  tests  of  the  thin  material. 
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2.5  Effect  of  Hole  Quality 


In  addition  to  intrinsic  microstructural  features  which  affect  airframe  fatigue  durability,  an 
important  consideration  for  structures  is  initiation  from  extrinsic  sources  such  as  manufacturing 
imperfections.  If  severe  enough,  the  influence  of  manufacturing  imperfections  on  fatigue 
damage  initiation  can  override  increases  in  durability  due  to  improvements  in  metal  quality. 
Thus,  it  is  important  to  understand  the  relative  effects  of  manufacturing  imperfections  on 
durability  in  order  to  capitalize  on  improvements  in  metal  quality. 

Prior  to  establishing  the  practice  of  hole  deburring,  open  hole  fatigue  tests  on  the  old  and  now 
materials  were  performed  using  specimens  in  the  as-machined  condition.  In  this  condition  the 
life  limiting  feature  in  the  old  variant  was  microporosity,  but  for  the  now  variant  hole  edge  burrs 
initiated  the  fatigue  cracks.  A  micrograph  showing  an  edge  burr  as  the  crack  initiation  site  in  the 
now  material  is  shown  in  Figure  2.22.  The  fatigue  lifetime  of  the  now  variant  is  affected  by 
crack  initiation  at  hole  burrs.  Figure  2.23  shows  stress  versus  lifetime  plots  for  open  hole  fatigue 
tests  for  both  the  as-machined  and  the  deburred  specimens  compared  to  the  old  material 
performance.  In  the  as-machined  condition  the  now  variant  exhibits  longer  lifetimes  than  the  old 
variant,  but  the  level  of  improvement  is  greater  when  the  holes  are  deburred.  These  data 
underscore  the  importance  of  attending  to  manufacturing  quality  in  concert  with  material  quality 
to  gain  a  structural  benefit.  Increasing  metal  quality  improves  the  material  performance,  but 
manufacturing  imperfections  can  limit  the  magnitude  of  the  end-product  improvement.  Enacting 
"total  quality  management"  requires  imposing  good  quality  manufacturing  practices  to  reduce 
extrinsic  sources  of  damage,  and  thereby  provide  better  opportunity  to  realize  the  full  benefit 
potential  of  the  material. 

The  fatigue  tests  coupled  with  SEM  ffactography  have  identified  the  life-limiting  features  which 
control  damage  initiation  for  each  of  the  material  variants.  As  seen  here,  hole  quality  can  also 
affect  damage  initiation  and  can  be  included  in  the  hierarchy  of  life-limiting  features.  The 
hierarchy  of  key  microstructural  features  which  control  damage  initiation  in  both  smooth  and 
open  hole  tests  of  the  four  material  variants  is  presented  in  Table  2.10.  Identification  of  the 
critical  life-limiting  microstructural  features  in  each  of  the  material  variants  and  specimen  types 
represents  a  key  element  of  understanding  required  to  integrate  effects  of  microstructure  and 
geometric  stress  concentration  into  a  life  assessment  model.  The  next  section  deals  with 
quantitative  microstructural  characterization  of  the  critical  variables  for  each  of  the  materials, 
which  will  serve  as  inputs  to  models  to  explore  prediction  of  material  fatigue  performance  based 
on  characterizations  of  microstructure  along  random  metallographic  planes. 
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2.6  Constituent  Particle  Characterization 


The  preceding  discussion  illustrates  that  micropore  and  particle  populations  can,  and  often  do, 
compete  for  dominance  as  the  overriding  life-limiting  feature.  While  microporosity  is  generally 
regarded  to  be  more  degrading  to  fatigue  performance  than  particles,  the  spatial  and  frequency 
distributions  of  the  two  feature  types  are  vastly  different  and  affected  by  material  pedigree.  In 
contrast  to  microporosity  which  is  sparse,  and  largely  confined  to  the  centerline  region  of  thick 
plate,  constituent  particles  are  copious  and  more  evenly  distributed  throughout  the  volume  of 
both  thick  and  thin  plate  materials.  Thus  highly  localized  geometric  stress  concentrations  will 
always  have  particles  associated  with  them.  In  contrast  the  likelihood  of  encountering  a  large 
micropore  within  a  small  material  volume  is  considerably  more  remote,  panicularly  so  if  the 
plate  is  thin  and/or  the  most  highly  stressed  material  volume  resides  near  the  plate  surface. 

Because  of  the  observed  higher  order  of  importance  given  to  particles  in  the  presence  of 
engineering  notches  (e.g.,  the  sharp-cornered  hole),  constituent  particle  distributions  were 
quantified  for  the  now,  low  porosity,  and  thin  variants  of  7050  using  automated  image  analysis. 
Constituent  particle  distributions  were  not  quantified  for  the  old  material  variant  since 
microporosity  was  consistently  observed  to  be  the  life-limiting  microfeature  for  all  test 
conditions  evaluated. 

The  constituent  particles  which  are  typically  present  in  alloy  7050  are  Al7Cu2Fe  and  Mg2Si. 
These  particles  form  during  ingot  solidification  and  cannot  be  dissolved  by  a  solid  state 
transformation.  Thus,  once  formed,  they  persist  through  to  the  final  product.  These  particles 
can  be  broken  up  by  the  mechanical  working  of  an  ingot  into  a  wrought  product.  Therefore,  the 
size  and  spatial  distribution  of  constituent  particles  are  not  only  a  function  of  ingot  composition 
and  solidification  conditions,  but  also  a  function  of  the  deformation  history  of  the  final  product. 
Rolling  of  the  ingot  into  plate  produces  stringers  of  particles  running  parallel  to  the  rolling 
direction  through  the  breakup  of  large  particles.  The  greater  amounts  of  deformation  to  produce 
thinner  plate  can  result  in  a  smaller  constituent  particle  size  distribution  because  of  this.  Particle 
sizes  may  be  as  large  as  0.004  in.  (100  pm)  in  length  in  thicker  plate,  and  these  large  particles 
can  act  as  initiation  sites  for  fatigue  cracking.  The  characterization  of  large  particles  is 
emphasized  since  these  control  the  fatigue  initiation  in  the  absence  of  microporosity. 

Automated  image  analysis  provides  a  way  of  obtaining  a  statistically  meaningful 
characterization  of  constituent  particles.  The  distribution  of  particle  sizes  and  the  extreme  value 
distribution  are  more  important  than  the  mean  value  alone  since  fatigue  damage  initiation  is 
controlled  by  the  larger  particles.  In  addition  to  size  distribution,  spatial  distribution  can  also  be 
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an  important  parameter.  Two  materials  may  have  the  same  particle  size  distribution,  but  the 
particles  may  be  more  clustered  in  one  material.  The  degree  of  clustering  is  also  likely  to  have 
an  effect  on  the  fatigue  initiation  behavior  of  7050  thick  plate.  A  simple  measure  of  clustering  is 
the  distance  between  particles,  which  is  easily  obtainable  using  automated  image  analysis 
systems. 

Samples  of  the  now  and  low  porosity  materials  were  sectioned  to  examine  the  longitudinal  plane 
(the  plane  defined  by  the  L  and  ST  directions)  at  the  one-tenth,  quarter  and  half  thickness  (T/10, 
T/4,  and  T/2)  locations.  Automated  quantitative  optical  metallography  was  performed  on  as- 
polished  cross  sections  to  characterize  the  size  and  spatial  distributions  of  constituent  particles. 
Low  magnification  was  used,  which  maximized  the  area  characterized  thus  improving  the 
chances  of  encountering  the  largest  particles.  However,  the  lower  magnification  degraded  the 
spatial  resolution  so  that  closely  spaced  particles  may  be  measured  as  one  particle,  and  the  small 
particles  below  the  resolution  limit  could  not  be  measured.  Forty  fields,  each  0.77  mm^,  were 
analyzed  at  lOOX  magnification  for  a  total  area  of  31  mm^  (0.048  in^).  For  both  materials, 
between  4200  and  9400  particles  were  characterized  per  location  in  the  thickness.  Particles 
smaller  than  1.6  pm  (0.062  x  lO'^  in)  in  projected  length  could  not  be  resolved  and  thus  were  not 
analyzed. 

The  particle  size  was  defined  to  be  the  maximum  projected  particle  dimension  (“DMAX”)  since 
this  is  believed  to  be  the  most  influential  particle  dimension  relative  to  material  properties. 
Particle  spacing  (“FERET  X”)  was  measured  as  the  distance  between  particles  parallel  to  the 
rolling  direction  only.  While  this  is  not  sufficient  to  uniquely  define  the  spatial  distribution  of 
particles  in  the  material,  this  distance  does  indicate  the  relative  amount  of  particle  clustering  in 
similar  samples.  It  is  also  relevant  because  particles  tend  to  be  clustered  in  stringers  which  lay 
along  the  rolling  direction  and  this  distance  would  characterize  this  type  of  clustering.  Distances 
larger  than  a  single  view  field  could  not  be  measured,  which  truncated  the  upper  particle 
spacings  at  the  length  of  the  view  field.  This  is  not  considered  significant  since  fatigue  initiation 
will  not  be  affected  by  large  particle  spacings  but  rather  by  clustering  of  particles.  For 
simplicity  and  to  save  time,  this  characterization  method  was  selected  over  more  complex 
characterization  methods. 

Quantitative  metallography  was  also  performed  on  a  similarly  designed  SEM-based  image 
analysis  system  for  the  now,  low  porosity,  and  thin  mctterkils  at  T/2  only.  The  differentiation  of 
particle  types  by  chemistry  on  the  SEM  system  was  used  to  separate  Fe-  and  Si-containing 
constituent  particles  in  order  to  evaluate  whether  particle  type  affects  fatigue  initiation 
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mechanisms.  For  these  analyses,  20  fields  were  analyzed  at  250X  magnification,  for  a  total  area 
of  1.2  mm2  (0.002  in^).  Particle  dimensions  as  small  as  0.4  pm  (0.016  x  10’^  in)  were  detected. 

2.7  Quantitative  Optical  Metallography:  Now  vs.  Low  Porosity  Material 

The  particle  distributions  for  the  now  and  low  porosity  variants  are  compared  because  of  the 
effects  of  the  particle  population  on  open  hole  fatigue.  The  low  porosity  material  had 
predominantly  particles  at  the  initiation  sites  whereas  the  now  material  had  microporosity,  and 
yet  both  variants  exhibited  similar  lifetimes.  The  particle  populations  are  compared  to  determine 
if  differences  exist  which  may  explain  the  differences  in  initiation  mechanisms  and  the 
similarities  in  open  hole  lifetimes  despite  the  different  mechanisms.  For  both  of  the  materials, 
the  particle  distributions  are  measured  at  the  T/10,  T/4,  and  T/2  locations.  The  particle 
distribution  is  expected  to  vary  with  plate  depth  for  several  reasons.  Solute  variation  during 
casting  coupled  with  differences  in  cooling  rates  will  result  in  differences  in  particle  size  and 
volume  fraction.  Also,  the  amount  of  deformation  during  rolling  varies  inversely  with  plate 
depth,  which  can  affect  the  particle  size,  shape  and  number  density.  Table  2.1 1  contains  the 
results  of  the  quantitative  optical  metallography  at  various  thickness  locations  in  the  now  and 
low  porosity  variants. 

2.7.1  Particle  Area  Fraction:  Now  vs.  Low  Porosity  Material.  In  both  the  now  and  low  porosity 
variants,  the  area  fraction  of  constituent  particles  larger  than  1 .6  pm  varied  only  slightly  between 
the  T/10,  T/4  and  T/2  locations,  as  shown  in  the  bar  graphs  in  Figure  2.24a.  The  T/10  location 
had  the  largest  area  fraction  of  particles  while  the  T/2  location  had  the  smallest.  Since  the  area 
fi'action  was  calculated  by  averaging  the  area  fraction  for  each  of  the  40  fields,  another  important 
value  is  the  standard  deviation  (indicated  by  arrows  in  Figure  2.24a),  which  indicates  the  field- 
to-field  microstructural  variability.  The  large  standard  deviations  suggest  variability  in  the 
distribution  of  particles  through  the  material,  even  when  examining  only  one  location  in  the 
thickness;  this  emphasizes  the  importance  of  characterizing  sufficient  area  to  overcome  the 
inherent  variability  in  constituent  particle  population. 

The  number  of  particles  observed  in  both  materials  decreased  monotonically  with  depth  in  the 
plate  (Figure  2.24b).  Since  the  number  of  particles  decreased  by  almost  50%  from  the  T/10  to 
T/2  location  while  the  area  fraction  varied  only  slightly,  the  mean  particle  size  increased  with 
plate  depth.  This  is  consistent  with  the  slower  cooling  rate  during  solidification,  as  well  as  the 
decreased  amount  of  deformation  during  rolling  with  increasing  depth  in  the  thick  plate. 
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2.7.2  Particle  Size  Distribution:  Now  vs.  Low  Porosity  Material.  Figure  2.25  shows  particle 
size  distributions  for  the  two  materials  at  the  different  plate  locations  on  a  logarithmic  scale;  this 
same  information  is  also  included  in  Table  2.12.  The  T/10  location  is  seen  to  have  almost  twice 
as  many  small  (<  10  pm)  particles  as  the  T/4  and  T/2  locations.  However,  all  three  locations 
showed  about  the  same  number  of  large  particles.  The  histograms  in  Figure  2.25  demonstrate 
the  truncation  of  the  particle  size  distribution  due  to  the  resolution  limit  at  this  magnification. 
Since  the  particle  size  distribution  is  cut  off  at  the  resolution  limit  of  the  image  digitizer,  the 
results  cannot  be  fit  to  a  normal  distribution  in  a  valid  way.  Thus,  the  mean  and  standard 
deviation  values  reported  in  Table  2.1 1  are  representative  of  the  particles  1.6  pm  or  larger,  and 
are  not  representative  of  the  actual  particle  population  in  the  material.  This  calculated  mean 
particle  size  is  therefore  an  overestimation  of  the  actual  value,  since  the  mean  value  would 
decrease  with  the  addition  of  smaller  particles  to  the  distribution.  These  calculated  values  can  be 
used  to  compare  materials  characterized  in  this  study,  but  comparisons  with  data  reported 
elsewhere  should  be  made  cautiously. 

Comparison  between  the  particle  distributions  for  the  now  material  (Figure  2.25a)  and  low 
porosity  material  (Figure  2.25b)  reveals  that  the  size  distributions  in  the  two  materials  are  nearly 
the  same  at  all  thickness  locations.  This  indicates  that  the  different  processing  conditions  used  to 
reduce  the  microporosity  in  the  low  porosity  variant  had  very  little  effect  on  the  constituent 
particle  distribution,  and  the  different  processing  had  a  smaller  effect  than  depth  within  the  plate 
on  the  constituent  particle  distribution  characteristics. 

Microstructural  based  models  for  fatigue  crack  initiation  require  quantification  of  the  particle 
size  distribution.  One  way  to  represent  the  data  is  a  cumulative  probability  plot  of  particle  sizes 
where  the  number  of  particles  below  a  given  size  is  normalized  by  the  total  number  of  particles 
measured.  Figure  2.26  shows  the  resulting  cumulative  probability  plots  of  particle  sizes  in  both 
the  now  and  low  porosity  materials  at  the  three  different  plate  depths.  At  small  particle  sizes,  the 
distributions  were  not  affected  by  either  the  thickness  location  or  the  type  of  material.  The 
distributions  show  divergence  at  the  larger  panicle  sizes  with  the  T/2  locations  having  a  higher 
percentage  of  larger  particles  than  the  T/10  locations. 

2.7.3  Particle  Spacing:  Now  vs.  Low  Porosity  Material.  There  was  a  trend  towards  decreasing 
mean  particle  spacing  (feret  x  distance)  in  the  rolling  direction  with  plate  depth  (Table  2.12). 

The  particle  spacings  measured  here  encompassed  two  lengths:  an  interparticle  spacing  of 
relatively  short  lengths  for  particles  within  a  cluster  or  stringer,  and  an  interstringer  spacing  of 
relatively  large  lengths.  Histograms  of  particle  spacing  (Figure  2.27  and  Table  2.13)  show  that 
the  plate  location  has  a  strong  effect  on  the  longer,  interstringer  spacings.  At  the  T/10  location,  a 
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larger  number  of  long  spacings  were  observed  compared  to  the  T/2  location  which  corresponds 
to  the  greater  deformation  near  the  plate  surface  during  hot  rolling.  There  seemed  to  be  less  of 
an  effect  of  plate  depth  on  the  small  interparticle  spacings. 

2.7.4  Particle  Area:  Now  vs.  Low  Porosity  Material.  The  constituent  particles  were  irregular  in 
shape,  and  thus  it  was  of  interest  to  check  whether  the  actual  area  of  the  particles  followed  the 
same  behavior  as  the  longest  projected  dimension.  Because  the  image  analyzer  captured  the  real 
cross-sectional  area  of  the  particles,  it  was  not  necessary  to  make  assumptions  about  the  particle 
shape.  Figure  2.28  displays  the  probability  plots  for  the  particle  area,  which  follow  the  same 
characteristic  curve  as  the  longest  projected  dimension  plots  in  Figure  2.26.  As  was  found  for 
particle  length,  the  smaller  particles  showed  no  effect  of  either  thickness  location  or  the  type  of 
material,  and  the  divergence  increased  with  increasing  particle  size.  The  distributions  for  both 
now  and  low  porosity  material  were  slightly  narrower  at  the  T/10  plate  depth  than  the  T/2. 
Although  particle  length  and  area  are  equally  easy  to  obtain  in  automated  image  analysis,  length 
will  continue  to  be  used  to  characterize  particles  because  it  can  be  easily  measured  by  hand  from 
fracture  surface  pictures,  and  it  was  seen  to  correlate  well  with  fatigue  lifetimes. 

2.7.5  Quantitative  SEM  Metallography:  Now  vs.  Low  Porosity  Material.  Quantification  of  the 
constituent  particle  distributions  using  a  SEM-based  automated  image  analysis  system  was  used 
to  separate  particle  types  by  chemistry.  A  comparison  of  the  SEM  results  to  the  optical 
microscopy  characterization  will  be  provided  later.  The  characterization  of  constituent  particle 
distributions  using  SEM  was  performed  for  the  now,  low  porosity,  and  thin  variants. 

Since  the  primary  insoluble  constituents  in  alloy  7050  are  Al7Cu2Fe  and  Mg2Si,  particles  were 
characterized  as  either  Fe-containing  or  Si-containing.  Table  2.14  contains  the  image  analysis 
data  from  now  and  low  porosity  materials,  at  the  T/2  location,  obtained  from  SEM  images  at 
250X  over  a  sample  area  of  1.2  mm^.  A  relatively  small  number  of  particles  (around  300)  were 
analyzed  in  both  materials,  with  more  than  half  of  the  particles  being  Si-containing  in  both 
materials. 

The  histograms  in  Figure  2.29  show  the  size  distributions  for  Fe-containing  and  Si-containing 
particles.  The  Si-containing  particle  distributions  are  skewed  left  to  the  smaller  end  on  the 
logarithmic  plots,  while  the  Fe-containing  panicles  are  more  normally  distributed.  The  trends 
for  the  Si-  and  Fe-particle  sizes  are  particularly  dramatic  for  the  low  porosity  plate.  The 
Si-containing  particle  distribution  is  truncated  because  of  the  resolution  limit  and  thus  the  mean 
value  reported  in  Table  2.14  is  an  overestimate  of  the  actual  particle  distribution  mean.  In 
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contrast,  the  Fe-containing  particle  distribution  does  not  appear  to  be  significantly  truncated 
since  the  Fe  particles  are  generally  larger  in  size. 

The  cumulative  probability  plots  for  now  and  low  porosity  variants  (Figure  2.30)  also  show  the 
difference  in  size  between  types  of  particles.  The  thick  solid  line  represents  the  total  constituent 
particle  population.  For  both  materials  the  distribution  of  Fe-containing  particles  lies  to  the 
right,  indicating  larger  sizes,  and  the  Si-containing  particles  lie  to  the  left,  indicating  smaller 
sizes.  Although  Si  particles  are  more  numerous,  they  are  smaller  and  may  not  play  as  significant 
a  role  as  Fe-containing  particles  on  fatigue  crack  initiation. 

2.7.6  Optical  vs.  SEM  Characterization:  Now  ys^.  Low  Porosity  Material.  A  comparison 
between  the  particle  measurements  made  using  optical  metallography  and  those  performed  using 
SEM  is  necessary  to  provide  particle  distribution  characteristics  as  input  into  models  of  fatigue 
initiation.  Differences  in  magnification  and  number  of  fields  measured  may  account  for 
differences  in  the  quantitative  results.  The  SEM  analysis  was  performed  at  a  magnification  of 
250X  compared  to  lOOX  for  optical,  and  the  number  of  fields  measured  was  20  compared  to  40 
for  optical  characterization.  This  reduced  the  area  of  material  characterized  by  over  12  times. 
Since  both  the  magnification  and  the  number  of  fields  changed,  the  effect  of  optical  versus  SEM 
methods  alone  could  not  be  deconvoluted.  With  this  caveat,  the  following  are  some  comments 
that  can  be  made. 

The  quantitative  metallographic  data  from  both  the  optical-  and  SEM-based  characterizations  are 
given  in  Table  2.15.  The  particle  area  fraction  when  measured  optically  is  significantly  higher 
for  both  now  and  low  porosity  materials,  despite  the  fact  that  a  large  number  of  particles  were 
below  the  resolution  limit  when  using  the  lower  magnification  (over  50%  of  the  particles 
measured  at  250X  were  below  the  detection  limit  at  lOOX).  For  example,  the  area  fraction  of 
constituent  particles  in  the  low  porosity  material  was  0.98%  optically  and  0.55%  using  SEM. 
The  resolution  limit  at  the  lower  magnification  may  have  partially  contributed  to  the  higher  area 
fraction,  since  the  matrix  area  between  closely  spaced  particles  may  be  measured  as  particle  area. 
Another  possible  factor  is  that  the  limited  sampling  at  250X  was  not  representative  of  the  total 
population.  Since  constituent  particles  are  not  uniformly  distributed  through  the  material,  a 
large  area  must  be  sampled  to  experimentally  characterize  the  high-end  tail  of  the  particle  size 
distribution. 

Figure  2.31  compares  the  particle  size  distributions  measured  using  the  different  techniques.  For 
both  now  and  low  porosity  variants,  the  SEM  gave  a  lower  median  particle  size.  This  also  stems 
at  least  partially  from  the  fact  that  particles  separated  by  very  small  distances  may  be  measured 
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separately  at  the  higher  magnification  but  measured  together  as  one  large  particle  at  the  lower 
magnification.  One  consequence  is  that  the  particle  number  density  be  greater  for  the  higher 
magnification  analysis,  which  is  indeed  the  case:  now  material  had  166  particles/mm^  at  lOOX 
and  259  particles/mm^  at  250X. 

Based  on  this  comparison  of  the  particle  populations  between  the  now  and  low  porosity 
materials,  several  things  can  be  concluded.  There  does  not  appear  to  be  significant  differences 
in  the  constituent  particle  populations  between  the  two  which  would  account  for  the  different 
initiation  mechanisms  in  the  open  hole  fatigue  tests.  It  is  most  likely  related  to  the  microporosity 
population  differences  between  the  two.  The  quantitative  measurement  results  can  vary 
depending  on  the  measurement  technique  and  magnifications  used.  When  comparing  materials, 
care  should  be  taken  to  use  consistent  measurement  methods.  Finally,  Fe-containing  constituent 
particle  populations  are  typically  of  a  larger  size  than  Si-containing  particles. 

2.8  Quantitative  SEM  Metallography:  T/z/w  Material 

Quantification  of  the  particles  at  T/2  in  the  thin  material  provided  an  opportunity  to  study  the 
effect  of  higher  amounts  of  deformation  on  particle  distributions.  These  results  complement  the 
study  of  different  plate  depths  presented  earlier  because  the  T/10  location  in  6-inch  thick  plate 
received  more  deformation  than  the  T/2  location;  however,  the  thin  variant  has  absorbed  even 
larger  amounts  of  deformation  and  as  a  consequence  should  have  a  different  particle  size 
distribution.  The  quantification  of  the  particle  distribution  in  the  thin  material  was  performed 
using  the  SEM-based  image  analysis  system.  In  the  thin  variant,  the  area  fraction  of  particles 
was  roughly  the  same  as  for  both  the  now  and  low  porosity  materials.  This  similarity  in  particle 
area  fraction  is  reasonable  since  no  control  was  used  to  limit  particle  volume  fraction.  However, 
the  number  of  particles  was  three  times  as  large  for  the  thin  material  as  for  the  thicker  materials. 
This  is  due  to  the  larger  amount  of  deformation  during  rolling  down  to  1-inch  thick  compared  to 
rolling  only  to  6-inch  thick  plate.  Figure  2.32  graphically  shows  the  high  constituent  particle 
number  density  in  the  thin  material.  The  increased  deformation  breaks  up  the  larger  particles 
thus  refining  the  particle  size  distribution.  The  mean  area  of  individual  particles  dropped  from 
1 1  pm^  in  now  variant  to  5.3  pm^  in  the  thin  material,  and  the  particle  number  density  increased 
from  259  particles/mm^  to  768  particles/mm^  in  the  thin  material. 

Figure  2.33  shows  the  cumulative  distribution  of  Fe-  and  Si-containing  particles  in  the  thin 
material.  The  Fe-containing  particles  are  larger  than  the  Si-containing  particles  even  after  high 
amounts  of  deformation.  Thus,  the  Fe-containing  particles  are  either  larger  than  the  Si- 
containing  particles  in  the  cast  condition  and  persist  that  way  through  processing,  or  the  Si- 
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containing  particles  are  broken  up  early  in  the  processing  and  are  smaller  at  the  plate  thicknesses 
examined  here. 

The  mean  particle  size  was  also  smaller  in  the  thin  material  compared  to  now  and  low  porosity 
materials.  In  the  thin  variant  the  particles  lay  in  stringers,  and  it  is  possible  that  these  clusters  of 
particles  affect  fatigue  crack  initiation  more  dramatically  than  individual  particles. 

Unfortunately,  no  measure  of  the  spatial  distribution  was  obtained  during  the  SEM-based  image 
analyses.  Curiously,  the  aspect  ratio  of  the  particles  did  not  change  with  amount  of  deformation. 
The  mean  aspect  ratio  (minimum  particle  diameter  divided  by  maximum  particle  diameter)  of  all 
particles  in  the  now  material  was  0.52,  and  the  mean  aspect  ratio  in  the  thin  material  was  0.53. 

Based  on  the  quantitative  analysis  of  constituent  particle  distributions  in  the  thin  material,  the 
following  can  be  concluded.  The  particle  size  distribution  is  significantly  reduced  compared  to 
the  thicker  material  variants  due  to  the  increased  amount  of  deformation  during  rolling  to  the 
thinner  gauge.  The  particle  area  fractions,  however,  were  similar  among  the  material  variants. 
Also,  as  with  the  other  material  variants,  the  Fe-containing  particle  size  distribution  was  larger 
than  the  Si-containing  particle  size  distribution. 

2.9  Scaling  Random  Plane  Metallography  to  Extreme  Value  Distributions 

The  quantification  of  the  constituent  particle  sizes  in  the  previous  section  was  used  to  obtain  a 
size  distribution  of  microstructural  features  within  a  material.  For  a  sufficiently  large  sample 
size,  this  distribution  represents  the  population  of  features  within  the  material.  When  a  coupon 
specimen  or  a  structural  airframe  component  manufactured  from  this  material  is  subjected  to 
cyclic  loading,  a  particular  surface  area  or  volume  of  material  will  be  subjected  to  the  highest 
stress.  Thus,  within  this  high  stressed  area  or  volume  there  is  a  sample  of  microstructural 
features  which  will  see  the  highest  stress.  The  failure  process  will  seek  out  the  worst  (largest) 
feature  within  this  sample  to  act  as  the  crack-initiator.  For  replicate  coupon  tests  of  a  material, 
the  distribution  of  features  which  act  as  crack  initiators  is  the  extreme  value  distribution  from  the 
initial  population.  The  extreme  value  distribution  of  microstructural  crack-initiators  can  be 
obtained  from  a  series  of  replicate  coupon  fatigue  tests  through  fractography  and  measurement 
of  the  feature  sizes.  Alternatively,  the  extreme  value  distribution  can  be  calculated  based  on  the 
population  of  features  obtained  from  quantitative  metallography.  The  following  details  an 
approach  used  to  obtain  the  extreme  value  distribution  of  constituent  particles  by  scaling  the 
panicle  size  distribution  obtained  through  quantitative  metallographic  analysis  on  random 
planes. 
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The  scaling  of  random  plane  metallography  provides  a  method  to  obtain  the  extreme  value 
distribution  of  life-limiting  microstructural  features  within  a  material.  The  extreme  value 
distributions  obtained  by  scaling  the  random  plane  metallographic  characterizations  will  be  used 
later  as  input  into  the  models  to  assess  the  feasibility  of  making  predictions  of  fatigue 
performance  based  solely  on  characterization  of  the  critical  material  microfeature  distribution. 
This  capability  could  reduce  the  need  for  costly,  time-consuming  tests  and  provide  guidance  for 
producing  improved  fatigue  resistant  variations  of  existing  materials. 

2.9.1  Scaling  Lnw  Pnrnxitv  Material  Particle  Distributions.  It  is  imponant  to  understand  the 
role  of  constituent  particle  distribution  in  the  low  porosity  material  since  there  is  a  transition  in 
initiation  mechanisms  from  micropores  in  the  smooth  tests  to  particles  in  the  open  hole  tests. 
The  random  plane  particle  size  measurement  was  scaled  to  obtain  the  extreme  value  distribution 
of  particles  in  the  open  hole  tests.  The  particle  size  distribution  obtained  from  the  optical 
metallography  was  used  because  there  is  a  larger  sample  size  than  from  the  SEM  measured 
distribution.  The  data  presented  in  Figure  2.26  for  the  low  porosity  material  at  T/2  which  is 
shown  as  a  cumulative  probability  plot  can  be  fit  to  a  log-normal  distribution.  The  form  of  the 
log-normal  distribution  is : 


fix) 


1  ( ln(x)-xY 

H  c  Jj 


(2.1) 


Using  a  graphical  fit  to  the  data,  the  distribution  parameters  obtained  for  the  low  porosity  variant 
are,  C  =  0.694,  and  X  =  2.10.  The  comptirison  between  the  measured  particle  size  distribution 
and  the  fit  to  the  data  is  shown  in  Figure  2.34. 

The  method  of  scaling  the  log-normal  distribution  of  features  to  the  extreme  value  distribution 
from  the  open  hole  tests  is  based  on  the  area  of  material  in  the  open  hole  specimen  which  is 
subjected  to  the  highest  stress.  Because  of  the  stress  gradient  which  exists  at  the  hole,  a  high 
stress  region  exists  within  which  fatigue  cracks  will  initiate  at  the  largest  microstructural  feature. 
Since  the  initiation  site  is  typically  located  at  the  surface  of  the  hole,  the  scaling  is  done  based  on 
a  high  stress  surface  area.  The  high  stress  surface  area,  A,  can  be  estimated  for  a  specimen  with 
two  open  holes  by  the  method  developed  by  Yang  et  al.[53],  giving; 

A  =  SrQii  +  26  + 
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where  r  is  the  hole  radius,  t  is  the  specimen  thickness,  20  is  the  angle  which  defines  the  arc 
which  sees  the  highest  stress,  and  5  is  the  width  on  the  specimen  surface  subject  to  the  high 
stress.  These  parameters  are  defined  in  Figure  2.35.  The  angle  0  was  taken  such  that  the 
average  stress  within  the  arc  was  95%  of  the  maximum  stress  concentration,  which  gave  0  = 
19.45®.  The  value  of  5  was  chosen  which  also  gave  average  stress  within  95%  of  the  maximum 
stress  concentration.  Based  on  these  assumptions,  the  effective  high  stress  area  for  an  open  hole 
fatigue  specimen  was  estimated  to  be  15.7  mm^. 

To  obtain  the  extreme  value  distribution  for  a  series  of  open  hole  tests  with  this  high  stress  area, 
the  number  of  particles  within  the  high  stress  region,  N*,  must  be  estimated.  The  particle 
density  within  the  material  was  calculated  from  the  quantitative  optical  metallography  and  the 
value  of  N*  was  2150. 


The  extreme  value  distribution  can  be  obtained  according  to  [68]: 


F’y(y)=exp 


(2.3) 


where  the  parameters  which  define  the  distribution  are  u,  which  is  the  characteristic  value,  and 
K,  which  is  a  shape  parameter.  The  values  of  u  and  k  can  be  obtained  from  the  parent  log¬ 
normal  particle  distribution  and  the  number  of  particles  within  the  high  stress  area  according  to: 

D  =  exp[^i„]  (2.4) 

where  =  C>/2  \n^N*  j  ^ 


ln(ln(A^*))-Hln(47i) 


l-JllniN*) 


+  X 


(2.5) 


and 


K  = 


^ln(iV*) 

I 


(2.6) 


From  the  estimated  value  of  N*  and  the  log-normal  distributional  parameters  determined 
previously  for  the  quantitative  metallographic  data,  the  parameters  for  the  extreme  value 
distribution  were  calculated  to  be  u  =  82.6  pm,  and  k  =  5.645.  This  extreme  value  size 
distribution  is  plotted  in  Figure  2.36  along  with  the  data  obtained  from  the  fractography  of  the 
low  porosity  material  open  hole  fatigue  failures.  The  calculated  extreme  value  size  distribution 
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is  larger  than  the  measured  size  distribution  by  a  factor  of  about  two,  but  there  is  overlap  of  the 
two  distributions.  Thus,  the  calculated  extreme  value  distribution  is  conservative. 

Another  method  of  obtaining  the  extreme  value  size  distribution  would  be  through  a  Monte 
Carlo  type  simulation.  Standard  statistical  software  was  used  to  sample  N*  particles  from  the 
log-normal  distribution  which  represents  the  number  of  particles  within  the  high  stress  area  for 
one  open  hole  specimen  test.  The  largest  particle  within  the  sample  will  initiate  the  fatigue 
crack.  The  distribution  of  crack-initiating  particles  from  a  number  of  simulations  should 
approximate  the  extreme  value  distribution.  This  was  done  for  a  sample  size  of  16,  and  the 
resulting  simulated  distribution  is  compared  to  the  measured  fracture-initiating  particle  size 
distribution  and  the  calculated  extreme  value  distribution  in  Figure  2.37.  The  simulated 
distribution  agrees  well  with  the  calculated  extreme  value  distribution  and  over-predicts  the 
actual  particle  distribution. 

One  possible  reason  that  the  extreme  value  size  distribution  overpredicts  the  observed 
distribution  is  the  estimate  of  the  high  stress  area  may  be  too  large.  The  high  stress  area  here 
was  estimated  using  the  procedure  according  to  Yang  et  al.  [53].  They  calculated  the  radial  and 
surface  distances  on  the  specimen  which  gave  average  stress  concentrations  which  were  95%  of 
the  maximum,  and  determined  the  area  contained  within  those  points.  However,  the 
fractography  of  failed  specimens  has  shown  that  the  cracks  tend  to  initiate  at  or  near  the 
specimen  comer  and  at  radial  angles  less  than  what  was  used  in  the  previous  work.  Thus,  the 
calculation  of  the  high  stress  area  is  most  likely  an  overestimate  of  the  actual  area  within  which 
fatigue  cracks  will  initiate  at  particles.  In  order  to  obtain  a  more  reasonable  estimate  of  the  high 
stress  area  for  the  open  hole  tests  of  low  porosity  material,  an  equivalent  high  stress  area  was 
back-calculated  which  would  yield  an  extreme  value  distribution  which  agrees  with  the 
distribution  of  measured  fracture-initiating  particles.  The  characteristic  value  of  the  extreme 
value  distribution,  u,  was  taken  to  be  the  average  value  of  the  measured  particle  distribution. 

The  value  of  N*  was  then  calculated  from  equations  2.4  and  2.5  which  gave  N*  =  145.  Based  on 
the  particle  density  obtained  from  the  quantitative  metallography,  the  back  calculated  high  stress 
area  came  out  to  be  A  =  1.05  mm^.  This  is  considerably  smaller  than  the  value  of  15.7  mm^ 
obtained  by  the  method  due  to  Yang  et  al.  [53].  From  equation  2.6,  the  other  extreme  value 
distribution  parameter,  k,  was  calculated  to  be  4.546.  A  comparison  of  the  extreme  value 
distribution  based  on  a  high  stress  area  of  1.05  mm^  and  the  measured  fracture-initiating  particle 
distribution  is  shown  in  Figure  2.38.  Based  on  the  smaller  area,  the  calculated  distribution 
matches  the  upper  tail  of  the  curve  very  well  and  tends  to  be  conservative  in  predicting  the  lower 
portion  of  the  distribution. 
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2.9.2  Scaling  Thin  Material  Particle  Distributions.  Constituent  particles  are  the  dominant 
microstnictural  feature  controlling  fatigue  damage  initiation  in  the  thin  material.  The 
constituent  particle  population  was  measured  using  the  SEM  which  provided  differentiation  of 
particle  type  based  on  composition.  As  was  done  for  the  low  porosity  material,  the  random 
plane  particle  size  measurement  was  scaled  to  obtain  the  extreme  value  distribution  of  particles 
in  the  open  hole  fatigue  tests.  Since  the  fatigue  crack  initiation  in  the  thin  variant  was  controlled 
by  the  Fe-bearing  constituent  particles,  the  scaling  was  performed  using  the  Fe-containing 
particle  distribution  as  well  as  with  the  total  particle  distribution.  The  cumulative  particle  size 
distributions  are  shown  in  Figure  2.33.  The  Fe-containing  particle  distribution  is  shifted  to 
larger  particle  sizes  than  the  total  particle  distribution.  Using  the  mean  and  standard  deviation 
values  for  both  the  Fe  and  total  particle  distributions,  they  were  fit  to  a  log-normal  distribution 
according  to  equation  2.1.  The  distribution  parameters  obtained  for  the  Fe  particle  distribution 
was  C  =  0.648  and  =  2.10,  and  for  the  total  particle  distribution  ^  =  0.557  and  X  =  1.603. 

The  next  step  was  to  calculate  the  number  of  particles  from  each  distribution  within  the  high 
stress  region  of  an  open  hole  test,  N*.  The  high  stress  area  was  taken  to  be  the  same  value 
calculated  by  Yang  et  al.  [53]  of  A  =  15.7  mm^.  The  particle  densities  for  the  total  population 
and  the  Fe-bearing  particle  population  were  obtained  from  the  quantitative  metallography.  The 
number  of  particles  in  the  high  stress  region  were  calculated  to  be  /*/*  =  12058  for  the  total 
particle  population,  and  N*  =  2606  for  the  Fe  particles. 

The  extreme  value  distribution  parameters  were  calculated  according  to  equations  2.4  to  2.6  to 
obtain  the  extreme  value  distributions  (equation  2.3).  For  the  total  particle  population  the 
parameters  of  the  extreme  value  distribution  were  calculated  to  be  u  =  33.92  pm,  and  k  =  6.69. 
For  the  Fe  constituent  particle  extreme  value  distribution  u  =  32.78  pm,  and  k  =  7.12.  The 
extreme  value  distributions  along  with  the  measured  particle  size  distribution  measured  from 
fractography  of  the  failed  open  hole  specimens  are  plotted  in  Figure  2.39.  There  is  very  little 
difference  between  the  two  extreme  value  distributions,  but  they  are  both  larger  than  the  particle 
size  distribution  measured  from  fractography.  Again  it  is  possible  that  the  estimate  of  the  high 
stress  area  from  Yang  et  al.  [53]  is  too  high  resulting  in  a  conservative  estimate  of  the  extreme 
value  distributions.  The  fractography  did  show,  however,  that  the  initiation  sites  in  the  open 
hole  tests  of  thin  material  were  not  predominantly  located  at  the  hole  corners  as  in  the  low 
porosity  material  tests.  Despite  this,  the  estimate  of  the  high  stress  area  still  may  be  too  high 
since  the  angle  0  was  large,  and  no  cracks  were  seen  to  initiate  along  the  specimen  surface 
implying  that  6  =  0. 
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As  was  done  for  the  low  porosity  material,  an  equivalent  high  stress  area  was  back-calculated  for 
the  thin  material  which  yields  an  extreme  value  distribution  that  agrees  with  the  measured  crack- 
initiating  particle  size  distribution.  This  was  done  for  the  Fe  particle  distribution  only.  The 
characteristic  value  of  the  extreme  value  distribution,  u,  was  taken  to  be  the  particle  size  median 
value  from  fractography.  The  value  of  N*  calculated  from  equations  2.4  and  2.5  was  140. 

Using  the  particle  density  from  the  quantitative  metallography,  the  equivalent  area  was 
calculated  to  be  0.843  mm^.  This  value  is  close  to  the  equivalent  area  calculated  for  the  low 
porosity  material  of  1.05  mm^.  The  extreme  value  distribution  based  on  a  high  stress  area  of 
0.843  mm^  was  calculated  and  is  compared  to  the  crack-initiating  particle  size  distribution  in 
Figure  2.40.  The  calculated  distribution  agrees  well  with  the  measured  distribution  at  the  larger 
particle  sizes  and  somewhat  overpredicts  the  particle  sizes  at  the  low  end  of  the  curve.  Thus,  the 
extreme  value  size  calculation  is  very  good  at  the  larger  sizes  which  would  yield  the  shortest 
fatigue  lifetimes,  and  it  is  conservative  in  estimating  the  lower  portion  of  the  curve. 

2.10  Summary  of  Allov  7050  Characterization 

The  characterization  of  alloy  7050  plate  variants  has  yielded  several  significant  results,  and  the 
data  and  mechanistic  understanding  developed  here  provide  the  necessary  inputs  for  the 
modeling  work  presented  in  the  next  chapter.  Among  the  results  of  the  characterization  work, 
the  following  aspects  are  noteworthy. 

•  The  existence  of  a  linkage  among  processing,  microstructure,  and  fatigue  performance  for 
the  microstructural  variants  of  7050  plate  has  been  confirmed. 

-  The  ability  to  alter  microstructure  of  a  single  alloy  and  product  form  by  process  control 
has  been  demonstrated. 

-  Material  variants  which  have  more  reduced  populations  of  microstructural 
inhomogeneities  exhibit  superior  fatigue  performance. 

•  Microstructural  features  which  dominate  fatigue  performance  of  different  material  variants 
have  been  identified,  classified  and  statistically  characterized. 

•  A  hierarchy  of  fatigue  crack  initiators  has  been  identified  for  the  different  material  variants 
and  specimen  types. 

-  Geometric  effects  of  fatigue  life  do  not  mask  those  of  the  microstructure. 

-  Machining  effects  can  limit  fatigue  improvements  due  to  microsn-ucture  control. 
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3.  Develop  and  Validate  Fracture  Mechanics  Based  Model(s) 

This  stage  of  the  report  addresses  the  integration  of  microstructure  effects  into  conventional 
fracture  mechanics  based  life  prediction  methodology. 

3.1  BagksTQHnd 

Classically,  the  fatigue  failure  process  of  metallic  materials  has  been  thought  of  in  three  stages: 
crack  nucleation,  slow  crack  growth  and  rapid  fracture.  As  crack  measurement  techniques  have 
improved  in  recent  years,  researchers  have  discovered  that  a  major  fraction  (50%  to  90%)  of 
material  fatigue  life  is  often  spent  in  crack  propagation  from  material  microfeatures  (0.0005  to 
0.010  in.  typical  size)  to  macrocracks  on  the  order  of  0.1  in.  length  and  greater  [10, 19-49]. 
Many  of  the  same  works  have  also  revealed  that  crack  growth  from  material  microfeatures,  such 
as  micropores,  particles  or  slip  bands,  can  and  often  does  occur  early  within  a  material's  total 
fatigue  life  capability.  These  observations  suggest  the  viability  of  applying  fracture  mechanics 
to  life  assessment  based  on  the  assumption  that  cyclic  life  is  entirely  composed  of  crack  growth. 

Fracture  mechanics  and  damage  tolerant  practices  are  being  used  extensively  within  the  aircraft 
materials  and  design  communities  [12, 15,  16].  Under  this  methodology,  crack  growth  lifetimes 
for  a  structure  are  calculable  by  integrating  the  material  crack  growth  rate  properties  along  with 
stress  intensity  factor  range  (AK)  solutions  [7, 69].  Appreciable  fracture  mechanics  data 
obtained  for  a  variety  of  engineering  applications  has  validated  the  principle  of  similitude,  which 
furnishes  the  basis  for  crack  growth  life  prediction.  Similitude  implies  that  for  a  given  material, 
stress  ratio  and  test  environment,  cracked  elements  which  experience  equivalent  cyclic  stress 
intensity  factors  (AK)  will  exhibit  the  same  rate  of  crack  growth  (da/dN)  regardless  of  the 
combination  of  stress,  crack  size  and  part  geometry  to  produce  the  AK.  Most  practical 
applications  of  fracture  mechanics  to  date  have  been  for  macrocracks  whose  size  scale  are 
0.05  in.  and  greater.  This  is  understandable  since  the  widest  utility  of  fracture  mechanics 
involves  defining  inspection  intervals  and  product  fail/safe  criteria  in  the  presence  of  cracks 
which  are  observable  during  inspection.  Recent  extensions  of  A/f-rate  analyses  to  the  small 
crack  regime  (present  investigation  included)  have  shown  encouraging  promise  in  the  ability  to 
link  long-term  performance  with  early  stage  crack  evolution  from  microfeatures  [32-35,  37,  38, 
40-43, 45-49].  This  involves  mechanical  flaw  representations  of  natural  microfeature 
populations.  The  extension  of  fracture  mechanics  based  life  assessment  methods  to  model  the 
early  stage  (small  crack)  propagation  from  material  microstructural  features  offers  some  distinct 
analytical  advantages: 
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•  A  unified  life  prediction  alternative  to  cumulative  initiation  plus  propagation  life  summation 
would  be  provided;  that  is,  total  life  prediction  entails  one  calculation  procedure  rather  than 
two. 

•  The  approach  offers  a  simpler  alternative  to  extensive  S-N  type  fatigue  test  programs 
involving  large  numbers  of  structural  element  tests. 

•  Damage  evolution  and  total  life  analysis  can  be  integrated  into  damage  tolerance  design  and 
problem  solving  processes. 

•  Fatigue  scatter  effects  can  be  linked  to  the  distribution  statistics  of  crack-originating 
microfeatures.  It  is  shown  in  later  discussion  (Section  3.2.3)  that  the  same  microfeatures 
have  little  or  no  effect  on  material  fatigue  crack  growth  rate  (da/dN-AK)  relationships. 

•  The  impact  of  material  and  end-product  manufacturing  processes  on  performance  can  be 
evaluated  from  knowledge  of  the  microstructure. 

Despite  the  jxjtential  benefit  of  extending  the  fracture  mechanics  life  assessment  to  small  cracks, 
the  methods  have  not  been  exploited  within  the  airframe  design  and  support  communities.  This 
is  because  the  models  to  extend  fracture  mechanics  to  the  microstructural  scale  are  not  well 
developed,  and  relatively  little  microstructure  data  exists  to  corroborate  mechanical  flaw 
representations  with  natural  (small)  flaw  populations.  In  addition,  fracture  mechanics  extension 
to  small,  natural  flaws  takes  on  the  added  complexity  of  the  so-called  “small  crack  effect.” 
Designers  currently  perceive  that  the  generation  and  analysis  of  small  crack  data  is  more  difficult 
than  conventional  S-N  testing.  The  analysis  in  turn  requires  integrating  crack-tip  shielding 
phenomena  (i.e.,  crack  closure  effects)  into  the  crack  drive  analysis  so  that  the  similitude 
principle  can  be  applied  interchangeably  to  AA'-rate  data  from  both  large  and  small  crack 
specimens  [40, 70, 71].  Because  of  the  complexities  attached  to  generation  and  interpretation  of 
small  crack  data,  engineering  organizations  have  been  reluctant  to  invest  resources  to  convert  to 
a  wholly  fracture  mechanics  based  life  assessment  approach. 

If  it  could  be  shown  that  satisfactory  total  life  projections  are  achievable  without  the  need  for 
very  demanding  fracture  mechanics  analysis  (for  example,  without  entailing  the  tracking  of 
small  cracks,  or  complex  stress  intensity  factor  calibration,  or  crack  closure  measurement,  or 
FCG  threshold  determinations),  then  broader  utilization  of  propagation-based  lifting  tools  would 
be  facilitated.  In  addition,  if  existing  fatigue  crack  growth  data  generation  practices  and  current 
industry  handbook  data  [72]  could  be  utilized,  then  implementation  of  a  fracture  mechanics 
based  life  assessment  approach  would  be  accelerated. 
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Within  the  airframe  industry  the  call  for  enhanced  life  assessment  tools  is  increasing.  As  the 
service  lifetimes  of  existing  planes  are  extended  beyond  their  planned  lifetime,  and  newer  planes 
are  designed  for  increasing  lifetimes,  the  demands  to  ensure  airworthiness  will  require  more 
stringent  crack  prevention  and  control  strategies.  Also,  requirements  instituted  in  the  aftermath 
of  the  Aloha  airline  accident  [6, 16, 73]  now  stipulate  that  the  occurrence  of  multiple  crack 
initiations  must  be  considered  in  the  design  and  maintenance  planning  for  transport  aircraft  to 
ensure  that  damage  tolerance  capabilities  are  maintained  [11].  It  is  expected  that  fracture 
mechanics  based  lifeing  tools  will  become  an  important  outgrowth  of  increasing  regulatory 
pressure  to  prevent  and  control  cracks. 

3,1.1  Mndftlinp  Framework.  The  modeling  focus  of  this  investigation  was  to  establish 
predictive  capability  to  evaluate  effects  of  material  microstructure  on  fatigue  durability  as 
defined  by  cracking  that  originates  from  natural  material  inhomogeneities  (e.g.,  micropores, 
particles  or  slip-bands)  and  grows  to  a  size  of  adverse  structural  consequence.  More  specifically, 
modeling  activity  under  the  present  investigation  centered  on  the  following  objectives: 

•  To  define  and  validate  a  fracture  mechanics  based  approach  for  predicting  fatigue  damage 
evolution  for  cracks  originating  from  microstructural  inhomogeneities. 

•  To  assess  sensitivities  of  stress,  material  properties  and  microstructure  on  smooth  and 
notched  specimen  fatigue  performances  of  the  subject  7050  plate  alloy  variants. 

•  To  demonstrate  viability  of  probabilistic  component  life  assessments  derived  from  random 
plane  microstructural  characterizations  of  material  microfeature  distributions. 

The  modeling  approach  taken  assumes  that  fatigue  life  is  composed  entirely  of  crack  growth 
from  critical  Oife-limiting)  microfeatures  which  are  modeled  as  pre-existing  cracks.  The  aspects 
of  the  microfeature  type,  size,  shape  and  location  distributions  are  modeled  into  the  crack  drive 
solution  for  the  specific  product  and  specimen  configuration  of  interest.  The  crack  propagation 
rate  is  dependent  upon  the  crack  drive  for  the  specimen/crack  configuration  and  the  material 
crack  growth  rate  {da/dN-AFC)  behavior.  Crack  growth  prediction  with  accrued  cycles  entails  the 
standaid  AAT-rate  integration  process  of  linear  elastic  fracture  mechanics,  until  the  specimen 
residual  strength  capacity  is  exceeded  as  prescribed  by  the  material  strength  and  toughness 
properties. 

The  prediction  entails  growth  of  small,  naturally  forming  cracks  at  a  size  scale  below  typical 
fracture  mechanics  application.  In  this  study,  A^-rate  data  obtained  from  long  crack  specimens 
are  employed.  To  compensate  for  the  giowth  of  small  cracks  below  the  long  crack  threshold,  a 
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simple  linear  extrapolation  to  low  growth  rates  is  used.  This  method  offers  advantage  over  short 
crack  data  generation.  Long  crack  specimen  da/dN-tJC  data  generation  is  performed  routinely 
within  the  industry.  Often  in  practice,  small  crack  data  are  unavailable  because  of  the  resource 
investment  and  complexities  involved  in  its  generation.  Thus,  while  the  small  crack  effect  is  an 
important  aspect  of  understanding,  the  present  7050  material  investigation  placed  emphasis  on 
analytical  protocols  enabling  utilization  of  well-established  long  crack  AAT-rate  data  generation 
practices.  The  rationale  for  this  choice  is  that  fit  to  existing  industry  infrastructure  will  be  an 
essential  element  to  broad  industry  acceptance. 

The  incorporation  of  microstructural  effects  into  fatigue  life  analysis  requires  that  the  type,  size 
and  spatial  distributions  of  crack-initiating  microfeatures  be  defined.  For  the  present  7050  alloy 
variants  this  was  done  using  a  combination  of  metallography  and  post-fatigue  test  fractography 
(see  Chapter  2).  Once  identified,  the  features  are  modeled  as  pre-existing  cracks  whose  size  is 
equivalent  to  the  size  of  their  natural  feature  counterparts.  This  equivalent  initial  flaw  size 
(EIFS)  distribution  can  be  viewed  as  a  material  characteristic.  Figure  3.1,  and  serves  as  a  starting 
point  for  fracture  mechanics  life  analysis  [10, 14,  32,  34,  37]. 

The  EIFS  distributions  can  be  determined  by  any  one  of  three  methods;  obtained  from  direct 
measurement  of  failure-initiating  microfeatures,  back-calculated  from  fatigue  lifetime 
distributions,  and  by  applying  a  scaling  factor  to  microstructural  feature  measurements  taken 
from  random  metallographic  planes.  Whatever  the  method  used,  however,  the  goal  is  to 
ascertain  the  EIFS  distribution  descriptive  of  the  life-limiting  microfeatures  (i.e.,  the  flaw  size 
population  extreme  values,  or  weakest  links). 

The  effect  of  crack-initiating  microfeature  type  on  fatigue  cracking  behavior  is  incorporated 
through  the  crack  drive  solution.  Classical  solutions  for  a  semi-elliptical  crack  do  not  account 
for  effects  of  microfeature  type  (i.e.,  micropore,  cracked  particle  or  de-bonded  particle).  For  this 
purpose,  the  Trantina-Barishpolsky  effective  stress  intensity  factor  [74]  is  used  to  integrate 
crack-initiating  microfeature  type  into  the  crack  drive  solution. 

Changes  in  structural  geometry  will  affect  life  depending  on  the  size  and  location  distributions  of 
the  crack-initiating  microfeatures.  To  account  for  the  effect  of  microfeature  size  and  location 
distribution,  the  fracture  mechanics  model  can  be  linked  to  general  purpose  probability  software 
enabling  calculation  of  fatigue  curves  based  on  the  microfeature  distributional  statistics. 

The  conceptual  framework  which  links  microstructure  and  life-cycle  performance  through  basic 
coupon  tests  and  modeling  is  illustrated  in  Figures  3.2  and  3.3  [75].  The  analysis  path  employed 
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to  back-calculate  EIFS  distribution  from  lifetime  data  of  smooth  fatigue  quality  screening  tests  is 
presented  in  Figvu-e  3.2,  and  good  agreement  of  the  model  with  experimental  observation  is 
shown  [37].  The  utility  of  EIFS  distribution  as  a  starting  point  for  integrating  product  initial 
quality  into  life  analysis  which  transcends  from  coupon  to  component,  to  aircraft,  to  entire  fleet 
is  conceptually  shown  in  Figure  3.3. 

Microfeature  populations  from  different  life-limiting  feature  distributions,  may  then  be  used  to 
assess  the  effect  of  material  manufacturing  processes,  composition  and  other  process  variables 
on  structural  component  performance.  The  hypothetical  calculation  of  Figure  3.4  was 
undertaken  to  illustrate  how  three  representative  input  material  “qualities”  or  “pedigrees”  (linked 
to  identifiable  micropore  populations)  might  affect  the  potential  for  multi-site  fatigue  damage  in 
the  lower  wing  of  a  military  fighter.  The  three  EIFS  populations  A,  B,  and  C  represent  the 
evolution  of  microporosity  reduction  in  the  old,  now,  and  low  porosity  7050  product  variants, 
respectively.  For  each  EIFS  distribution,  an  expected  number  of  cracks  exceeding  a  given  size 
per  1000  fastener  holes  was  calculated  for  one  and  two  simulated  airplane  lifetimes  according  to 
performance  models  described  in  References  [10,  14,  34,  37].  It  can  be  seen  that  distribution  C 
(the  low  porosity  variant)  has  the  lowest  probability  of  multi-site  damage. 

In  review,  the  assumptions  and  steps  of  the  modeling  process  are  summarized  as  follows; 

•  Fatigue  testing  is  used  to  determine: 

-  The  fatigue  lifetime  distribution  for  a  series  of  coupon  tests. 

-  The  type,  size  and  spatial  distributions  of  critical  (life-limiting)  microfeatures  from  the 
coupon  tests. 

-  The  da/dN-AK  fatigue  crack  growth  rate  relationship. 

•  The  critical  microfeatures  are  modeled  as  pre-existing  cracks,  denoted  as  equivalent  initial 
flaws,  whose  size  corresponds  to  the  size  of  their  natural  feature  counterparts. 

•  Aspects  of  the  critical  microfeature  type,  size,  shape  and  location  distributions  are  modeled 
into  the  crack  drive  solution  for  the  specific  product  form  and  specimen  configuration  of 
interest. 

•  Upon  cyclic  load  application,  cracks  are  presumed  to  initiate  immediately  from  critical 
microfeature  locations. 
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•  Crack  propagation  occurs  at  a  rate  dictated  by  the  specimen  crack  drive  and  the  material 
crack  growth  rate  (daldN-AlC)  relationship.  (Correction  of  long  crack  data  may  be  necessary 
to  address  the  small  crack  effect,  e.g.,  Figure  3.2.) 

•  Specimen  failure  is  defined  from  a  residual  strength  model  and  material  strength-toughness 
properties. 

•  A  general  purpose  probability  software  program  is  used  to  compute  lifetime  and/or  crack 
size  exceedance  probabilities  from  characterizations  of  the  critical  microfeature  population, 
material  properties  and  loading  inputs. 

For  any  new  set  of  materials  and  or  loading  conditions  it  would  be  recommended  that  the 
modeling  assumptions  be  validated  with  experiments.  If  needed,  the  model  contains  tuning 
parameters  to  achieve  a  more  favorable  fit  to  the  experimental  data.  Additional  discussion  of  the 
models  and  their  utilization  is  deferred  to  later  sections  of  the  report.  As  a  final  note,  though  the 
main  focus  of  the  current  investigation  is  on  developing  analytical  capability  to  study  impact  of 
intrinsic  microstructural  inhomogeneities  (e.g.,  micropore  and  particle  distributions)  on  fatigue 
longevity,  other  extrinsic  discontinuity  populations  (e.g.,  corrosion  pits,  scratches,  tool  marks) 
and  their  effects  can  be  analyzed  under  the  same  conceptual  modeling  framework. 

3.2  Model  Elements 

The  model  development  requires  several  critical  elements  that  are  the  building  blocks  for  a 
fracture  mechanics  based  approach  to  life  prediction.  The  model  elements  are  described  in  the 
following  sections. 

3.2.1  F/]iiivalRnt  Flaw  Representation.  The  fatigue  testing  and  the  associated  fracture  analysis 
for  the  7050  material  variants  has  identified  a  hierarchy  of  microstructural  features  which  affect 
the  fatigue  durability  (Chapter  2).  The  failure  process  seeks  out  the  weakest  links  within  the  test 
material,  and  they  act  as  sites  for  the  development  of  fatigue  cracking  leading  to  specimen 
failure.  The  classical  mechanism  for  fatigue  crack  formation  is  associated  with  crystallographic 
slip  [76].  This  mechanism,  however,  can  be  circumvented  by  initiation  at  intrinsic  material 
discontinuities  such  as  micropores  and  particles,  and  is  controlled  by  their  size,  frequency,  and 
spatial  distribution  relative  to  the  specimen  configuration  and  loading  details.  The  distribution 
of  features  which  initiate  the  fatigue  cracks  is  an  extreme  value  distribution  or  high-end  tail  of 
the  total  population  of  like  features  within  the  material. 
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The  development  of  life  prediction  modeling  based  on  microstructural  sources  of  fatigue  damage 
initiation  require  representation  of  the  crack-initiation  feature  distributions  capable  of  being 
input  into  the  analysis  format.  Furthermore,  if  the  predictions  are  to  be  made  based  on 
quantitative  microstructural  analyses  of  the  material,  without  performing  measurement  on  failed 
coupon  test  failures,  then  it  is  necessary  to  consider  the  statistics  of  the  microfeature  population. 

The  correlation  of  smooth  specimen  lifetimes  with  crack-initiating  feature  size  showed  that  the 
longest  feature  dimension  correlated  well  with  the  specimen  lifetime  (see  Figure  2.1 1).  Thus, 
for  the  extreme  value  distributions  from  the  smooth  specimen  tests,  the  longest  dimension  of  the 
crack-initiating  features  was  used  to  represent  the  “characteristic”  size  dimension  of  an 
equivalent  flaw  for  the  modeling.  The  depth  of  the  equivalent  flaw  is  taken  as  the  maximum 
feature  dimension.  For  analysis  purposes,  the  shape  of  the  flaw  is  assumed  to  be  a  semi¬ 
elliptical  surface  crack  with  an  aspect  ratio,  ate,  of  0.8,  where  “a”  is  the  half  surface  length  of 
the  flaw  and  “c”  is  the  depth  of  the  flaw.  This  aspect  ratio  represents  the  “equilibrium”  shape 
where  the  crack  driving  force  during  cyclic  loading  is  the  same  where  the  flaw  intersects  the 
specimen  surface  and  at  the  maximum  depth  within  the  specimen  interior  [60].  The  rationale  for 
this  assumption  is  that  cracks  emanating  from  an  irregularly  shaped  microstructural  feature  at  the 
surface  of  a  cylindrical  specimen  will  very  quickly  grow  to  the  equilibrium  shape.  This 
equivalent  flaw  representation  of  a  crack-initiating  microstructural  feature  in  a  smooth  fatigue 
specimen  is  shown  in  Figure  3.5a. 

Open  hole  specimen  fatigue  failures  were  observed  to  initiate  at  microfeatures  located  along  the 
surface  of  the  hole  bore  or  at  the  comer  of  the  hole  and  the  specimen  surface.  Since  the 
specimens  were  excised  from  the  original  plate  in  the  long-transverse  direction,  the  specimen 
width  is  parallel  to  the  plate  rolling  direction.  Thus,  the  features  which  initiate  the  failures  tend 
to  be  aligned  perpendicular  to  the  hole  bore.  This  facilitates  representation  of  the  feature  sizes  as 
equivalent  semi-elliptical  flaws  with  dimensions  directly  measured  from  the  crack-initiating 
feature  sizes.  This  equivalent  flaw  representation  of  a  crack-initiating  microstructural  feature  in 
an  open  hole  fatigue  specimen  is  shown  in  Figure  3.5b. 

The  distribution  of  crack-initiating  microstructural  features  from  a  series  of  coupon  specimen 
tests  represents  the  extreme  value  distribution  of  features.  This  distribution  is  dependent  upon 
their  size  and  spatial  distribution  of  features  within  the  material,  their  population  density,  and  the 
test  specimen  geometry  and  loading  conditions.  It  has  been  shown  for  a  population  of 
constituent  particles,  the  extreme  value  distribution  of  features  can  be  approximately  calculated 
based  on  quantitative  metallographic  results  and  specimen  geometry  effects  (see  Section  2.9). 
The  test  results  of  the  low  porosity  material  have  shown  that  there  is  a  competition  between 
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different  microfeature  populations,  where  the  micropore  population  controlled  the  lifetime  in 
smooth  specimen  tests  and  the  particle  population  was  controlling  in  the  open  hole  specimen 
tests.  Thus,  the  life-limiting  feature  distribution  is  dependent  upon  the  feature  population 
statistics  and  the  specimen  geometry.  The  interaction  of  the  feature  size  distributions  and 
population  density  with  specimen  geometry  and  the  resulting  crack  driving  forces  will  be 
examined  in  Section  3.3.3. 

The  equivalent  flaw  representations  of  crack-initiating  microstructural  features  presented  here 
allows  incorporation  of  microstructural  effects  into  fracture  mechanics  based  fatigue  lifetime 
prediction  models.  The  equivalent  semi-elliptical  shaped  flaw  does  not  consider  the  type  of 
microstructural  feature  present;  e.g.  micropore  or  particle.  The  next  section  of  the  report  details 
the  crack  driving  force  solutions  used  for  lifetime  predictions  from  the  various  microstructural 
features. 


3.2.2  Crack  Growth  Model.  The  fracture  mechanics  based  approach  to  fatigue  life  modeling 
employed  here  assumes  that  the  microstructural  inhomogeneities  behave  as  pre-existing  cracks, 
and  that  fatigue  life  is  entirely  composed  of  crack  growth  from  an  initial  inhomogeneity.  The 
influence  of  the  crack-initiating  microfeature  type  is  incorporated  into  the  crack  drive  solution. 
This  section  details  the  numerical  algorithm  used  to  calculate  crack  growth  and  the  crack  drive 
solutions  used  to  describe  the  influence  of  the  crack-initiating  microfeature  type. 


The  basis  of  the  modeling  is  a  fracture  mechanics  program  on  crack  coalescence  from  Grandt 
et  al.  [77-79].  The  original  numerical  algorithm  calculated  the  fatigue  life  of  an  open  hole 
fatigue  specimen  containing  one  or  more  elliptical  cracks  which  is  subject  to  a  remote  cyclic 
loading.  The  initial  layout  of  the  cracked  specimen,  shown  in  Figure  3.6,  will  grow  with  the 
application  of  a  remote  cyclic  stress.  Assuming  the  crack  will  grow  a  distance  AC]  at  point  2, 
then,  assuming  the  increment  of  crack  growth  is  sufficiently  small,  the  cyclic  life  for  this  to 
occur  can  be  approximated  by: 


Acj 

daildN 


(3.1) 


where  hN  is  the  number  of  cycles  to  grow  the  crack  and  da2/dN  is  the  crack  growth  rate  at 
point  2.  The  growth  at  any  other  point  can  then  be  calculated  by: 
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where  i  is  the  crack  location  and  da,/d/V  is  the  crack  growth  rate  at  point  i.  If  the  stress  intensity 
factors  are  known  then  the  crack  growth  rates  for  the  various  flaw  positions  may  be  calculated 
using  an  appropriate  fatigue  crack  growth  model  generalized  in  equation  3.3. 

^  =  F(A*:,.)  (3.3) 


Grandt's  algorithm  made  the  assumption  that  the  initial  cracks  could  be  represented  as  “ideal 
elliptical”  surface  or  comer  cracks.  This  assumption  enables  the  use  of  the  Newman  and  Raju 
[59]  stress  intensity  factor  solutions.  Crack  interaction  was  included  by  modifying  these  stress 
intensity  factors  at  points  3  and  4.  When  crack  points  3  and  4  touch,  it  is  assumed  that  they 
immediately  join  to  form  a  single  crack  [78, 79]. 

To  incorporate  different  microstructural  features  (in  particular  micropores  and  particles)  as 
initiation  sites  for  crack  growth,  a  modification  of  the  Newman  and  Raju  stress  intensity  factor 
solution  is  required.  Trantina  and  Barishpolsky  [74]  examined  the  stress  intensity  factor  solution 
of  an  ellipsoidal  micropore  or  particle  which  contains  an  equatorial  crack  of  length  b  as  shown  in 
Figure  3.7.  The  micropore  height  is  h,  its  diameter  is  2R,  the  crack  extends  a  uniform  length  b 
around  the  feature  equator  {x-y  plane),  and  a  remote  stress  o  is  applied  in  the  z  direction 
perpendicular  to  the  plane  of  crack  growth.  An  effective  stress  intensity  factor  K  for  this  flaw 
geometry  is 

—  (JoVtcF  (3.4) 


where  the  dimensionless  geometric  term  P  is  given  by 


(3.5) 


Here  kj  is  the  elastic  stress  concentration  factor  for  the  ellipsoidal  micropore  or  particle  (without 
the  crack),  and  depends  on  the  aspect  ratio  h/2R.  The  value  of  k,  can  be  obtained  from  standard 
fracture  mechanics  stress  concentration  handbooks.  The  constant  R  is  1.0  for  a  micropore,  2.0 
for  a  bonded  cracked  particle,  and  0.3  for  an  unbonded  particle.  Note  in  Figure  3.7  that  the  total 
length  of  the  crack  for  modeling  purposes  is2R  +  2b,  and  the  ratio  R/(b  +  R)  in  equation  3.5 
represents  that  portion  of  the  crack  ascribed  to  the  initial  inhomogeneity.  Note  that  for  a  void 
with  B  =  I,  and  for  a  crack  size  b  »  R,  equation  3.5  reduces  to  2/3t,  the  well  known  result  for  a 
penny  shaped  crack  in  an  infinite  body  [80].  In  this  case,  the  micropore  no  longer  influences  the 
crack  tip  stress  intensity  factor.  At  the  other  extreme,  when  b  =  0,  R/{b  +  R)  =  1 ,  so  that  the 


9(PEM)PDM 


41 


stress  intensity  factor  is  zero  from  equations  3.4  and  3.5  (i.e.,  the  inhomogeneity  is  no  longer  a 
crack  but  behaves  as  a  notch). 

The  ratio  of  the  Trantina-Barishpolsky  stress  intensity  factor  to  the  stress  intensity  factor  of  a 
penny  shaped  crack  is  used  to  modify  the  Newman-Raju  stress  intensity  factor  to  account  for  the 
type  of  crack-initiating  feature  [42].  Thus,  the  stress  intensity  factor  is  given  by: 

^  penny 


Here  Kj,q  is  the  Trantina-Barishpolsky  stress  intensity  solution  for  an  infinite  plate  [74], 
is  the  stress  intensity  solution  for  a  circular  penny  shaped  crack  in  an  infinite  body  [80],  and 
is  the  appropriate  Newman  and  Raju  stress  intensity  factor  solution  for  a  surface  or  comer 
crack  [59].  The  equivalent  flaw  representation  of  crack-initiating  features  uses  a  semi-elliptical 
shaped  crack  whose  major  and  minor  axes  are  defined  by  the  size  of  the  natural  feature.  To 
account  for  differences  in  the  major  and  minor  dimensions,  crack  growth  in  those  directions  is 
analyzed  by  defining  Kp^^^y  with  respect  to  the  major  and  minor  axes.  Thus,  two  crack  drive 
solutions  are  used  for  non-circular  flaws. 

Under  the  imposition  of  a  far-field  cyclic  stress  range  Ao,  the  Trantina-Barishpolsky  cyclic 
stress  intensity  factor  is, 

AKt-b  =  PAaVti^  (3.7) 


It  is  assumed  that  for  a  given  far-field  cyclic  stress,  Ao,  a  crack  of  length  b  forms  in  the  first  few 
cycles.  The  length  b  of  the  pupative  crack  is  assumed  to  be  proportional  to  the  cyclic  plastic 
zone  size  ahead  of  the  crack  as  shown  in  Figure  3.7.  An  estimate  of  the  cyclic  plastic  zone  size 
associated  with  AKj.b  is.  [81] 


r*  =  - 

n 


AKt-b 


^2 


2a 


>  J 


(3.8) 


where  Oy  is  the  yield  strength  of  the  material.  The  material’s  static  yield  strength  was  used  in 
this  study,  but  alternately  the  cyclic  yield  or  flow  stress  could  be  used  if  they  are  significantly 
different  than  the  static  yield.  The  parameter,  b,  is  equated  to  this  measure  of  plastic  zone  size 
Thus,  solve  equation  3.7  for  b  and  equate  it  to  the  plastic  zone  size  of  equation  3.8.  This 
amounts  to  finding  the  ratio  R/ib  +  R)  that  satisfies 
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(3.9) 


20y 

The  above  methods  provide  a  means  for  estimating  the  crack  drive  and  calculating  the  crack 
growth  from  a  microstructural  feature. 

3.2,3  Prank  Growth  Rate  Laws.  The  fracture  mechanics  approach  to  modeling  the  fatigue 
durability  of  the  7050  product  variants  requires  that  the  fatigue  crack  growth  behavior  be 
represented  in  a  manner  amenable  to  analysis  based  on  the  crack  driving  force.  Considerable 
historical  data  from  Alcoa  on  the  crack  growth  behavior  of  7050-T7451  plate  products  are  used 
to  obtain  the  relationship  between  the  rate  of  crack  propagation  and  the  crack  driving  force. 
Figure  3.8  shows  the  crack  growth  rate  data  versus  the  cyclic  stress  intensity  (da/dN  vs.  AK)  for 
plate  of  various  thicknesses.  The  data  show  that  the  rate  of  crack  growth  is  independent  of  the 
product  thickness.  It  has  been  shown  previously  (Section  2.7)  that  processing  path  affects  the 
distribution  of  microstructural  features  which  initiate  fatigue  failures.  Presumably,  the  different 
thickness  materials  contain  different  microstructural  feature  distributions,  yet  these  differences 
have  no  effect  on  the  material  fatigue  crack  growth  rate  relationship.  Thus,  for  the  four 
microstructural  variants  of  7050  plate  used  in  this  program,  the  daldN-AK  crack  growth 
relationship  is  assumed  to  be  similar.  This  relationship  can  be  represented  by  the  Paris  equation 
[82]: 

—  =  CAK’”  (3.10) 

dN 

where  C  and  m  are  constants.  For  the  data  in  Figure  3.8,  C  =  3.9  x  10‘^9^  and  m  =  4.175.  The 
Paris  equation  represents  the  data  well  for  values  of  AK  greater  than  4  ksi  Viir 

The  approach  used  to  model  the  fatigue  durability  performance  of  the  7050  materials  is  based  on 
the  application  of  fracture  mechanics  to  the  fatigue  crack  growth  from  intrinsic  microstructural 
features.  The  rationale  for  this  is  the  well-known  small  crack  effect  where  microstructurally 
small  cracks  can  grow  at  stress  intensities  below  the  long  crack  threshold,  and  at  rates  faster  than 
predicted  by  long  crack  growth  data  (for  a  comprehensive  review,  see  [25]).  The  growth  of 
small  cracks  at  stress  intensities  below  which  long  cracks  are  observed  to  grow  is  represented  by 
a  simple  linear  extrapolation  of  the  Paris  law  to  low  growth  rates.  As  mentioned  previously,  the 
study  of  the  small  crack  effect  for  the  materials  examined  here  was  beyond  the  scope  of  this 
study,  and  this  simplistic  approach  was  taken  to  demonstrate  easy  fit  to  the  industry's  current 
analytical  infrastructure. 
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3.2.4  Termination  Requirements.  The  model  proposed  in  the  previous  sections  grows  an 
idealized  crack  independently  in  two  perpendicular  directions.  The  program  tracks  the  major 
dimensions  of  an  elliptical  shaped  crack.  Two  main  failure  limit  states  control  the  termination  of 
the  crack  growth  model;  net  section  strength  and  fast  fracture  of  the  material.  To  determine  net 
section  stress,  the  area  of  the  elliptical  crack  is  subtracted  from  the  total  specimen  area  and 
divided  into  the  maximum  far  field  load.  If  this  value  exceeds  the  limit  stress  (taken  here  as  the 
material  static  yield  strength)  the  calculation  is  terminated.  The  fast  fracture  limit  state  can  be 
controlled  in  either  of  two  ways;  exceedance  of  a  crack  growth  rate  or  exceedance  of  the 
material  fracture  toughness.  The  model  software  checks  whether  either  of  these  criteria  are  met 
after  each  incremental  cyclic  crack  growth  step. 

There  are  two  methods  to  control  intermediate  stops  of  the  analysis.  The  program  can  be  set  to 
stop  after  a  crack  has  reached  a  given  size.  This  provides  the  analysts  with  the  lifetime 
distribution  to  reach  a  given  crack  size.  Additionally,  the  stop  can  be  set  for  a  given  number  of 
cycles  providing  the  distribution  of  crack  sizes  for  a  given  life.  Both  the  life  distribution  to  a 
given  crack  size  and  the  crack  size  distribution  at  a  given  lifetime  can  be  useful  for  assessing 
structural  durability  and  in  determining  inspection  intervals. 

3.2.5  Probabilistic  Modeling.  In  the  proceeding  sections,  a  damage  model  for  fatigue  has  been 
presented.  This  model  calculates  the  fatigue  lifetime  of  specimens  for  crack  growth  from 
microfeatures  in  the  0.001  to  0.02  in.  size  range.  The  microfeature  size  and  location  relative  to 
the  specimen  geometry  can  be  measured  after  the  test  specimen  fails  by  examining  the  fracture 
surface  via  scanning  electron  microscopy.  The  development  of  life-limiting  microstructural 
characteristics  was  described  in  detail  in  the  preceding  chapter.  Using  these  data,  the  model  can 
then  calculate  the  known  fatigue  life  of  the  failed  test  specimens.  This  is  required  for  calibration 
and  to  check  the  validity  of  the  model.  However,  it  is  desirable  to  use  the  model  in  a  predictive 
manner,  relying  on  inputs  of  the  microfeature  distributional  statistics  and  the  material  properties 
rather  than  post-test  information.  An  examination  of  fracture  surfaces  quickly  reveals  that  the 
microfeature  size  and  location  values  vary  from  specimen  to  specimen  and  that  there  is  no  way 
to  apriori  determine  the  exact  values.  Thus,  a  probabilistic  approach  must  be  used  which  relies 
on  the  microstructural  feature  distribution  statistical  information  to  predict  the  fatigue  life. 

The  microfeature  distributional  statistics  are  incorporated  into  the  model  by  linking  with  the 
general  purpose  probabilistic  software  program  PROBAN  [83].  The  above  fatigue  life 
prediction  model  is  expressed  as  a  FORTRAN  subroutine  and  linked  to  PROBAN  which  enables 
the  inputs  to  be  considered  as  random  vmables.  The  distributional  statistics  for  the  microfeature 
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populations  within  the  material  serve  as  input  data  and  the  microfeature  size,  location  and  type 
can  be  treated  in  a  probabilistic  manner. 

With  these  distributions  as  inputs,  a  stratified  Monte  Carlo  sampling  method,  Latin  Hypercube 
sampling,  was  used  to  determine  the  distribution  of  fatigue  life.  By  altering  the  input  stress  an 
entire  probabilistic  stress-life  curve  can  be  developed.  In  general  the  data  is  contained  within  the 
5%,  50%,  and  95%  firactiles  (a  X%  life  fractile  is  the  life  value  for  which  X%  of  the  specimens 
will  have  a  shorter  life)  for  a  material.  The  probabilistic  nature  of  the  model  enables  prediction 
of  the  effects  of  initial  inhomogeneity  size,  shape,  and  location  distributions  on  specimen  fatigue 
life  distributions  for  any  stress  level. 

3.3  Discussion  of  Model  Results 

The  model  developed  here  has  been  applied  in  several  ways.  Verification  of  the  modeling 
approach  is  achieved  by  calculation  of  known  smooth  specimen  fatigue  lifetimes  of  the  four 
7050  microstructural  variants  based  on  measured  crack-initiating  microfeature  distributions. 
Next,  the  open  hole  stress  versus  lifetime  curves  for  the  four  variants  are  calculated  from  the 
extreme  value  microfeature  distributions  incorporating  the  statistical  aspects  of  microfeature  size 
and  location  distribution.  Open  hole  specimen  fatigue  lifetimes  are  also  calculated  from  the 
random  plane  microstmctural  characterizations  scaled  to  obtain  the  extreme  value  distributions 
for  the  thin  and  low  porosity  variants.  The  model  is  then  used  for  parametric  studies  which 
assess  the  impact  of  microstructural  variables  on  fatigue  performance.  Finally,  model 
calculations  are  made  to  examine  the  influence  of  competing  microfeature  distributions  on 
failure  mode,  and  to  define  microstructural  refinement  required  to  enhance  fatigue  performance. 
The  results  of  these  model  calculations  are  presented  in  the  following  sections. 

3.3.1  Model  Calculations  of  Smooth  Specimen  Fatigue  Data.  The  first  application  of  the  model 
described  above  is  to  validate  the  ability  to  predict  fatigue  crack  growth  from  life-limiting 
microfeatures  for  the  7050  product  variants  used  in  this  program.  The  smooth  axial  fatigue 
testing  described  in  Section  2.3  and  the  fractography  of  the  failed  specimens  in  Section  2.4 
identified  the  critical  microstructural  features  which  cause  failure  in  the  7050  materials.  For  the 
old,  now  and  low  porosity  materials,  the  type  and  size  of  crack-initiating  feature  were  quantified. 
The  many  of  the  failures  in  the  thin  variant  exhibited  slip  induced  fatigue  cracking,  and  were 
associated  with  crystallographic  slip  and  not  an  identifiable  microstructural  inhomogeneity.  The 
first  step  in  model  verification  was  to  deterministically  calculate  the  smooth  specimen  fatigue 
lifetimes  for  crack  growth  from  the  measured  crack-initiating  feature.  The  initial  calculations 
were  performed  without  incorporating  the  Trantina-Barishpolsky  stress  intensity  factor  solution. 
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but  based  solely  on  the  size  of  the  life-limiting  microfeature.  Recall,  the  Trantina-Barishpolsky 
analysis  was  used  to  incorporate  effects  of  microfeature  type  into  the  crack  drive  solution 
(Section  3.2.2).  Figure  3.9  plots  the  predicted  fatigue  lifetime  versus  the  actual  life  for  the  old, 
now  and  low  porosity  materials.  As  can  be  seen,  the  model  does  a  good  job  in  predicting  the 
lifetimes  for  the  old  and  now  variants,  but  underpredicts  the  lifetime  of  the  low  porosity 
material. 

While  microporosity  was  observed  as  the  dominant  failure  initiating  microfeature  in  the  old  and 
now  materials,  the  low  porosity  material  smooth  fatigue  failures  were  observe  in  some  cases  to 
initiate  from  clusters  of  micropores  and  particles.  This  may  account  for  some  of  the  difference 
in  predicted  versus  actual  lifetimes.  To  improve  the  accuracy  of  the  prediction,  the  Trantina- 
Barishpolsky  analysis  was  employed  to  consider  the  effects  of  the  crack-initiating  microfeature 
on  the  crack  drive.  The  prediction  results  incorporating  the  Trantina-Barishpolsky  solution  are 
plotted  in  Figure  3.10  as  predicted  lifetime  versus  the  actual  lifetime.  The  data  show  that  the 
predicted  results  more  closely  match  the  actual  data  with  incorporation  of  the  Trantina- 
Barishpolsky  analysis,  however,  the  agreement  is  still  not  as  good  as  for  the  old  and  now 
variants.  Again,  this  may  be  due  to  several  of  the  initiations  occurring  at  a  combination  of 
micropores  and  particles,  whereas  the  Trantina-Barishpolsky  stress  intensity  factor  only 
considers  micropores  or  particles  individually. 

Predictions  of  the  smooth  specimen  fatigue  lifetimes  were  also  made  using  as  input  the  statistical 
information  for  the  crack-initiating  extreme  value  feature  distributions  for  the  materials.  The 
depth  and  width  size  distributions  of  crack  initiating  microfeatures  obtained  from  fractography 
were  fit  to  either  a  Weibull  or  log-normal  distribution,  and  the  parameters  which  describe  these 
distributions  for  the  old,  now  and  low  porosity  materials  are  given  in  Table  3.1.  A  Latin 
Hypercube  sampling  method  was  used  to  obtain  crack-initiator  sizes  from  the  extreme  value 
distributions  and  a  distribution  of  smooth  fatigue  lifetimes  for  each  of  these  materials  was 
calculated.  The  calculated  fatigue  lifetime  distributions  for  the  old,  now  and  low  porosity 
variants  are  plotted  along  with  the  actual  lifetime  distributions  in  Figures  3.1 1-3.13  respectively. 
Again,  there  is  good  agreement  between  the  predicted  and  actual  distributions  with  the  old  and 
now  variants,  while  the  prediction  for  the  low  porosity  material  is  conservative.  Overall  the 
prediction  accuracy  is  impressive,  however,  additional  work  may  be  needed  to  account  for  the 
combination  of  micropores  and  particles  as  initiation  sites  in  the  low  porosity'  variant. 

3.3.2  Model  Calculation  of  Open  Hole  Specimen  Fatigue  Data.  As  was  done  for  the  smooth 
specimen  fatigue  tests,  the  fracture  surfaces  from  the  open  hole  specimen  fatigue  failures  were 
examined  and  the  crack-initiating  features  were  quantified  (Sections  2.3  and  2.4).  These  values 
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can  be  input  directly  into  the  model  to  perform  deterministic  calculations  of  fatigue  life  to  either 
calibrate  or  test  the  model.  Figure  3.14  compares  results  of  two  tests,  one  showing  a  micropore 
at  the  center  of  the  hole  bore,  and  the  other  showing  the  failure  initiating  particle  located  at  the 
hole  comer.  The  figure  also  compares  the  calculated  and  actual  fatigue  lifetimes  associated  with 
these  tests.  Knowing  the  exact  size  and  location  of  the  crack-initiating  features,  the  model 
accurately  calculated  the  fatigue  lives  for  both  cases.  However,  it  is  desirable  to  use  the  model 
in  a  predictive  manner  where  the  exact  location  and  size  of  the  crack-initiating  features  are  both 
unknown  and  considered  as  random  variables. 

From  the  quantification  of  the  open  hole  specimen  fracture  surfaces  of  the  7050  material 
variants,  the  crack-initiating  microfeature  type  and  the  extreme  value  distributions  for  the  feature 
size,  shape,  location  were  determined  (see  Sections  2.3  and  2.4).  The  statistics  of  these 
distributions  can  then  be  used  to  calculate  the  distribution  of  fatigue  lifetimes  for  each  material 
variant.  The  statistical  aspects  of  the  crack-initiating  feature  distributions  were  incorporated  into 
the  modeling  through  the  use  of  a  general  purpose  probabilistic  software  program  PROBAN 
[83].  The  growth  model  was  linked  to  the  program  PROBAN  and  the  microfeature  distributions 
were  treated  as  random  variables.  The  distributional  parameters  used  for  the  open  hole  fatigue 
lifetime  calculations  for  each  of  the  material  variants  are  listed  in  Table  3.1. 

Also  required  for  the  model  calculations  (equation  3.5)  is  an  estimate  of  the  local  stress 
concentration  factor,  it,,  for  the  crack-initiating  features  in  each  of  the  material  variants.  This 
can  be  obtained  from  handbooks  for  regularly  shaped  crack-initiating  inhomogeneities  when 
their  shape  is  known,  but  needs  to  be  estimated  here  for  irregular  micropores  and  particles.  The 
values  of  for  each  of  the  material  variants  was  estimated  by  fitting  the  model  to  the  open  hole 
S/N  data  at  the  stress  level  which  resulted  in  infinite  life  (the  fatigue  limit)  and  using  the  value  of 
it,  which  gave  the  best  fit.  It  will  be  shown  later  that  the  local  stress  concentration  factor  is  a 
function  of  the  crack-initiating  feature  type  and  shape.  The  A:,  values  obtained  for  each  material 
are  listed  in  Table  3.1.  The  value  of  the  stress  concentration  for  the  old,  now,  low  porosity,  and 
thin  materials  gets  progressively  smaller.  This  trend  suggests  that  a  decline  in  life-limiting 
feature  severity  can  be  linked  to  refinement  of  microstructure  in  material  of  higher  pedigree. 

The  calculated  stress  versus  life  curves  for  each  material  variant,  along  with  the  open  hole 
fatigue  test  data  are  shown  in  Figures  3. 15-3.18.  The  model  was  used  to  calculate  the  5%,  50%, 
and  95%  fractiles  for  each  material.  In  general,  the  results  of  the  model  are  in  good  agreement 
with  the  test  data.  Exceptions  are  the  predicted  lifetimes  at  high  stresses  in  the  thin  material 
where  the  model  tends  to  overpredict  the  lifetimes.  This  may  be  due  in  part  to  “short  crack” 
effect  not  being  well  represented  by  the  input  fatigue  crack  growth  rate  data  at  the  smaller  initial 
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crack  sizes  in  the  thin  material  Despite  this  difference,  the  data  for  the  other  variants  are  very 
well  represented  by  the  model  results. 


3.3.3  Model  Calculations  Based  on  Scaled  Random  Plane  Microstructural  Characterizations. 
The  previous  fatigue  lifetime  predictions  for  the  open  hole  specimens  are  based  on  the  extreme 
value  distributions  of  crack-initiating  microfeatures  obtained  by  direct  measurement  from  the 
fatigue  fracture  surfaces.  It  would  be  desirable  to  predict  fatigue  performance  based  on  random 
plane  metallographic  characterizations  of  the  microstructure.  This  capability  could  facilitate 
faster  material  development  by  reducing  the  need  for  costly,  time-consuming  tests.  In  addition, 
it  can  provide  guidance  for  producing  more  fatigue  resistant  variants  of  existing  materials. 


It  has  been  shown  that  random  plane  microstructural  characterizations  can  be  scaled  to  obtain  the 
extreme  value  size  distribution  of  features  (see  Section  2.9).  Model  predictions  are  made  here 
using  as  input  the  scaled  microfeature  distributions  for  the  low  porosity  and  thin  plate  variants 
presented  previously.  Results  from  the  previous  chapter  showed  that  when  a  scaled  area  of 
approximately  1.0  mm^  was  used,  the  extreme  value  feature  size  distribution  parameters 
obtained  for  the  two  materials  are:  low  porosity  v  =  0.00182  and  k  =  4.546  and  thin  material 
v  =  0.00063  and  k  =  5.062.  The  extreme  value  size  distribution  shown  previously  is  given  by 
equation  (2.3)  [68]: 


Fy(y)=exp 


Using  these  distributions  as  input,  the  open  hole  fatigue  life  S/N  curves  predicted  are  shown 
along  with  the  actual  fatigue  data  in  Figures  3.19  and  3.20  for  the  low  porosity  and  thin  variants 
respectively.  For  both  materials,  the  predicted  fatigue  lifetimes  agree  well  with  those 
determined  by  testing.  This  work  demonstrates  that  reasonable  estimates  of  statistical  fatigue 
performance  can  be  made  from  scaling  of  random  plane  characterizations  of  life-limiting 
microfeature  populations. 

3.3.4  Parametric  Studies.  The  model  developed  has  been  shown  to  reasonably  predict  the 
material  fatigue  behavior  based  on  quantitative  measures  of  critical  microstructural  features. 
One  potential  utility  of  the  model  is  application  to  material  design.  An  analytical  approach  to 
assess  effects  of  processing  and  composition  on  microstructure  and  material  performance  can 
greatly  reduce  material  development  costs  and  shorten  the  development  time.  As  an  illustration 
of  the  model  utility,  a  parametric  study  was  performed  to  assess  impact  of  microstructural 
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parameters  on  material  performance.  Specifically,  the  effect  of  particle  size  and  shape,  and 
material  yield  strength  on  fatigue  performance  are  evaluated. 

The  fatigue  endurance  limit,  or  the  stress  which  yields  infinite  life,  AOoo ,  can  be  directly 
estimated  from  equations  3.9  and  3.5.  To  obtain  the  stress  at  infinite  live,  it  is  assumed  that 
which  results  in: 


Ao„ 


iGy 


(3.11) 


Although  the  number  of  cycles  to  failure  is  sensitive  to  the  initial  micropore  or  particle  size, 
equation  3.10  suggests  the  infinite  life  stress  is  independent  of  the  micropore  or  particle  size.  It 
is  proportional  to  yield  strength  and  shows  a  strong  dependence  on  local  stress  concentration 
factor,  ki  and  the  type  of  inhomogeneity  through  B.  For  micropores,  B  =  1  and  equation  3.10 
becomes. 

For  cracked  particles,  B  =  2  and  equation  3.10  becomes, 

20v 

^^oo- particles  ~  T  ^ 

224k,-\ - 

n 


A  plot  of  the  sensitivity  of  the  infinite  life  stress  to  the  local  stress  concentration  factor  is  shown 
in  Figure  3.21  for  both  micropores  and  cracked  particles.  For  micropores,  a  lower  limit  on  the 
stress  concentration  factor  is  a  smooth  sphere  for  which  kj  is  about  2.  At  this  point,  the  ratio  of 
infinite  life  stress  to  yield  stress  is  about  0.9.  For  equations  3.12  and  3.13,  it  is  assumed  that  the 
yield  strength  is  an  upper  limit  on  the  infinite  life  stress  for  the  mechanism  of  fatigue  crack 
growth  from  a  micropore  or  particle.  This  assumption  sets  limits  on  the  stress  concentration 
factors  below  which  little  improvement  in  infinite  life  stress  is  expected.  For  micropores, 
improvements  are  possible  up  to  the  point  at  which  the  micropore  is  the  shape  of  a  smooth 
sphere.  For  non-spheres  there  is  a  dramatic  drop  in  the  infinite  life  stress  for  small  increases  in 
the  local  stress  concentration.  For  a  stress  concentration  of  3,  the  ratio  of  infinite  life  stress  to 
yield  strength  has  dropped  to  about  0.6.  This  corresponds  to  a  circular  cavity  of  elliptical  cross 
section  with  aspect  ratio  2.5,  as  depicted  in  Figure  3.22.  For  panicles,  the  value  of  stress 
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concentration  factor  at  which  the  infinite  life  stress  begins  to  decrease  is  1 .62.  The  stress 
concentration  of  the  particle  depends  both  on  particle  shape  and  particle  elastic  modulus.  For  a 
bonded  uncracked  particle,  stress  concentrations  in  the  matrix  are  typically  less  than  2  [84].  A 
plot  of  the  stress  concentration  factor  for  an  isolated  rigid  elliptical  cylindrical  particle  is  shown 
in  Figure  3.23.  For  far-field  uniform  tension,  the  stress  concentration  factor  for  tangential 
tension  is  less  than  2  for  aspect  ratios  ranging  up  to  about  30.  A  comparison  between  the  stress 
concentration  for  uncracked  particles  in  Figure  3.23  and  for  micropores  in  Figure  3.22  shows 
that  micropores  have  a  much  more  severe  stress  concentration  than  particles  at  equivalent  aspect 
ratios.  This  suggests  that  particles  must  first  crack  before  they  have  a  significant  effect  on  the 
infinite  life  stress  as  shown  in  Figure  3.21.  In  previous  studies  on  the  effects  of  cracked  particles 
[85,  86],  it  has  been  shown  that  cracked  particles  behave  like  high  aspect  ratio  voids.  This  is 
expected  to  severely  limit  the  infinite  life  stress,  as  shown  in  Figure  3.21. 

The  sensitivity  of  the  fatigue  model  to  changing  material  and  microstructural  parameters  can  be 
assessed  by  calculating  the  cyclic  stress  versus  life  (S/N)  curves  for  the  varying  material 
conditions.  The  influence  of  particle  size  on  fatigue  life  is  shown  in  Figure  3.24  for  particle 
sizes  ranging  from  0.001  in.  to  0.01  in.  at  a  stress  concentration  value  of  2.  The  yield  strength 
was  taken  to  be  70  ksi.  The  effect  of  increasing  particle  size  is  to  decrease  life  throughout  the 
range  of  stress  levels.  The  infinite  life  stress,  however,  is  insensitive  to  particle  size.  A  similar 
trend  holds  for  increasing  micropore  size  at  constant  aspect  ratio. 

The  sensitivity  of  fatigue  life  to  the  material  yield  strength  has  also  been  examined  by 
calculating  cyclic  S/N  curves  at  different  levels  of  material  yield  strength.  The  data  are  shown  in 
Figure  3.25  based  on  a  fixed  particle  size  of  0.005  in.  and  the  yield  strength  is  varied  from  60  ksi 
to  80  ksi.  As  seen  in  the  figure,  fatigue  life  is  almost  independent  of  yield  strength  at  stresses 
well  above  the  infinite  life  stress,  Aa«,  •  However,  material  yield  strength  has  a  dramatic  effect 
on  the  endurance  limit,  AOc ,  where  increases  in  the  yield  stress  result  in  increases  in  the 
endurance  limit. 

The  local  stress  concentration  resulting  from  the  inhomogeneity  aspect  ratio  has  a  similar  effect 
on  the  fatigue  life  curve  as  does  yield  strength.  Figure  3.26  shows  a  comparison  of  fatigue  S/N 
curves  for  particles  and  micropores  of  differing  shape  and  therefore  different  values.  The 
yield  strength  was  fixed  at  70  ksi  and  the  micropore  or  particle  size  was  taken  to  be  0.005  in. 

The  calculations  show  that  increasing  the  local  stress  concentration  has  a  large  effect  on 
decreasing  the  infinite  life  stress.  The  calculated  results  suggest  that  dramatic  increases  in 
fatigue  performance  could  be  achieved  by  simultaneously  decreasing  the  micropore  or  particle 
size,  reducing  the  micropore  or  particle  aspect  ratio  while  increasing  the  yield  strength. 
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3.3.5  rnmnftring  Microfeature  Distributions.  The  fatigue  testing  and  fractography  reported  in 
Chapter  2  of  this  report  revealed  a  transition  in  fatigue  crack-initiating  features  in  the  low 
porosity  material  from  predominantly  one  of  microporosity  initiated  failures  in  smooth 
specimen  fatigue  tests  to  one  of  particle  initiated  failures  in  open  hole  specimen  tests.  This 
transition  was  seen  to  affect  the  performance  relative  to  the  now  material,  where  the  low  porosity 
variant  exhibited  longer  lifetimes  in  the  smooth  specimen  tests,  but  in  open  hole  tests  the  two 
materials  exhibited  similar  lifetimes  (see  Section  2.3).  This  transition  was  qualitatively 
explained  by  the  interactive  effects  of  micropore/particle  size  and  spatial  distributions  and  the 
volume  of  highly  stressed  material  associated  with  each  specimen  type.  Because  the  particle 
population  density  is  so  much  larger  than  that  for  micropores,  there  is  a  higher  probability  of 
encountering  a  particle  at  a  local  region  of  high  stress.  For  an  open  hole  specimen,  the  area  of 
highest  stress  is  the  comer  where  the  stress  concentration  is  about  20%  higher  than  in  the  bore  of 
the  hole.  Thus,  because  of  the  differences  in  population  density,  there  is  a  high  likelihood  of  a 
particle  being  located  at  the  comer  (see  Section  2.4.2).  This  section  uses  the  model  to  compare 
the  extreme  value  distributions  for  cracking  from  comer  particles  compared  to  micropores 
within  the  hole  bore  to  understand  the  transition  in  fatigue  crack-initiating  features  in  the  low 
porosity  material. 

The  model  was  applied  to  calculate  the  extreme  value  size  distribution  of  particles  which 
resulted  in  equivalent  open  hole  specimen  fatigue  lifetimes  as  the  micropore-initiated  failures  of 
the  now  material.  The  critical  particles  are  assumed  to  occur  at  the  comer  in  the  open  hole 
specimen  and  should  represent  the  particle  extreme  value  size  distribution  from  the  open  hole 
tests  of  the  low  porosity  material.  The  procedure  used  is  schematically  illustrated  in  Figure  3.27. 
For  a  series  of  smooth  specimen  fatigue  tests  of  the  now  material,  there  is  a  resultant  distribution 
of  specimen  lifetimes.  From  this  distribution,  the  extreme  value  micropore  size  distribution  can 
be  obtained  either  by  back-calculation  from  the  lifetime  population  or  by  direct  measurement  on 
the  fracture  surfaces.  It  is  then  assumed  that  the  resultant  microporosity  distribution  also 
represents  the  extreme  value  micropore  size  distribution  for  the  open  hole  specimen  tests.  This 
may  not  necessarily  be  the  case  because  of  the  differences  in  the  high  stress  area  between  the 
two  specimen  types,  but  this  assumption  should  err  on  the  conservative  side.  From  this 
micropore  distribution,  the  distribution  of  open  hole  specimen  lifetimes  can  be  calculated.  Now, 
assuming  particle  initiation  sites  at  the  comer,  the  extreme  value  particle  size  distribution  can  be 
back-calculated  from  the  previously  calculated  open  hole  lifetime  distribution.  The  extreme 
value  micropore  size  distribution  from  smooth  specimen  tests  of  the  now  material  and  the  back- 
calculated  equivalent  life  particle  size  distribution  are  plotted  in  Figure  3.28.  The  presence  of 
these  two  distributions  in  open  hole  fatigue  specimens  results  in  equivalent  fatigue  lifetime 
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distributions.  A  decrease  in  either  of  these  size  distributions  would  drive  failure  initiation  to  the 
other  mechanism. 

For  the  low  porosity  material  the  micropore  size  distribution  is  smaller  than  that  of  the  now 
material.  The  extreme  value  micropore  distribution  for  the  low  porosity  variant,  back-calculated 
from  smooth  specimen  lifetime  data,  is  plotted  in  Figure  3.29  along  with  the  back  calculated 
particle  distribution  from  Figure  3.28.  The  micropore  size  distribution  is  smaller  than  the 
particle  distribution  and  much  smaller  than  the  micropore  size  distribution  from  the  now 
material.  Thus,  the  extreme  value  micropore  size  distribution  for  the  low  porosity  material  is  not 
expected  to  be  the  life-limiting  feature  distribution  in  the  open  hole  tests. 

To  obtain  further  improvement  in  open  hole  fatigue  performance  of  the  low  porosity  material, 
the  model  can  be  used  to  calculate  the  extreme  value  particle  size  distribution  where  they  are  no 
longer  the  life-limiting  feature  distribution.  Using  the  procedure  outlined  previously,  the 
equivalent  life  particle  distribution  was  calculated  staning  with  the  smooth  specimen  extreme 
value  micropore  size  distribution.  The  equivalent  life  micropore  and  particle  distributions  for 
the  low  porosity  material  are  plotted  in  Figure  3.30.  The  maximum  improvement  in  open  hole 
specimen  fatigue  performance  through  reductions  in  particle  population  would  be  obtained  by 
reducing  the  particle  size  such  that  the  resulting  extreme  value  distribution  is  the  size  shown  in 
Figure  3.30.  At  this  point,  the  failures  would  have  equal  lifetimes  from  either  micropores  or 
particles  and  further  reduction  in  the  particle  distribution  would  have  no  effect  on  the  lifetime 
distribution  without  commensurate  decreases  in  the  micropore  population. 

This  application  of  the  model  demonstrates  the  utility  of  this  methodology  in  material  design. 
For  a  material  with  competing  microfeature  distributions,  the  model  can  be  used  to  calculate  the 
level  of  microstructure  refinement  necessary  to  achieve  property  enhancements.  The  model  was 
used  here  to  calculate  the  extreme  value  size  distribution  of  particles  required  to  drive  the  failure 
mode  to  micropores.  From  this  extreme  value  distribution,  the  population  distribution  of 
particles  within  the  material  needs  to  be  obtained  so  that  material  designers  can  appropriately 
modify  composition  and  process  variables  to  achieve  the  desired  microstructure.  In  other  words, 
the  extreme  value  size  distribution  needs  to  be  converted  to  the  particle  size  distribution  within  a 
material.  This  can  be  accomplished  using  the  scaling  procedure  described  in  Section  2.9  to 
back-calculate  the  parent  distribution  which  results  in  the  desired  extreme  value  distribution. 
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3.4  Summary  of  Modeling 


The  analytical  modeling  task  has  successfully  provided  a  method  to  reasonably  estimate  the 
performance  capabilities  of  a  material  based  on  the  life-limiting  microstructural  feature 
populations.  Some  of  the  significant  aspects  of  the  modeling  work  are; 

•  Fracture  mechanics  principles  can  be  applied  to  the  scale  of  the  microstructural  features 
which  govern  fatigue  life. 

•  Fatigue  life  estimates  can  be  obtained  based  on  an  understanding  of  the  size  distributions  of 
crack-initiating  microstructural  features.  These  feature  distributions  can  be  measured 
directly  from  fracture  surface  examinations  or  calculated  from  random  plane  metallographic 
microstructural  characterizations. 

•  The  effects  of  the  initial  inhomogeneity  size,  shape,  and  location  distributions  on  specimen 
fatigue  life  distributions  can  be  analytically  predicted. 

The  modeling  provides  a  set  of  analytictil  tools  to  translate  understanding  of  life-limiting 
features  of  material  microstructure,  known  to  emanate  from  the  compositional  and  processing 
history  of  an  aluminum  alloy  product,  into  useful  life-cycle  design  guidance  for  new  airplanes 
entering  the  fleet,  or  support  guidance  for  economical  operation  of  high  time  aircraft  already  in 
the  fleet.  Such  models  can  and  have  been  successfully  applied  to  several  practical  design  and 
materials  evaluation  problems  [37, 38, 49,  87,  88]. 
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4.  Technology  Transfer 

The  previous  sections  of  this  report  have  detailed  the  development  of  a  technical  path  for 
quantitative  linking  of  material  microstructure  to  fatigue  performance.  In  that  work,  the  ability 
of  the  modeling  approach  to  predictively  bound  coupon  fatigue  specimen  (S/N)  test  response 
was  verified  for  an  aluminum  aerospace  alloy.  The  findings  are  significant  in  that  they  solidify 
the  utility  of  fracture  mechanics  modeling  logic  to  predict  total  life  as  crack  growth  accrued 
fixim  life-limiting  microfeatures.  For  the  technology  to  have  broader  impact,  it  must  confer 
value  to  evaluations  of  material/structure  durability. 

One  task  of  this  program  is  to  more  specifically  define  opportunities  and  make  recommendations 
for  broadening  the  impact  of  the  developed  technology  to  Navy  interests.  This  section  of  the 
report  presents  three  envisioned  paths  where  the  application  of  the  technical  modeling  approach 
could  add  value.  Each  of  these  paths  are  beyond  the  scope  of  the  current  work  and  would 
require  additional  development  to  carry  the  technology  benefit  beyond  the  current  level. 

4.1  Model  Application  to  Material/Process  Development  and  Selection 

The  first  envisioned  opportunity  for  capturing  value  from  this  work  lies  in  the  area  of 
material/process  development  and  selection.  The  continued  use  of  airframes  beyond  their  design 
lifetime  has  created  a  need  for  material  replacement  solutions  for  durability  related  problems. 
Material  solutions  are  also  being  sought  for  newer  airplanes  which  are  being  designed  to  last 
longer  and/or  surpass  previous  durability/reliability  targets  to  reduce  maintenance  costs.  In 
addition,  as  airframers  are  seeking  to  reduce  manufacturing  costs  through  part  consolidation,  the 
classical  crack  arrest  advantages  of  built-up  structure  must  be  countered  with  more  demanding 
durability  and  damage  tolerant  assurances  in  the  unitized  material  forms  being  contemplated  for 
replacing  the  former  assembly  methods.  Given  today's  economic  constraints,  these  material 
needs  are  best  served  by  the  exploitation  of  proven  technologies  enabling  efficient  selection  and 
use  of  quality-improved  processes,  derivative  alloys  and  product  form  alternatives  (e.g., 
machined  hogouts  vs.  die-forgings).  Regardless  of  technology  route,  the  emerging  paradigm 
implies  that  guarantee  of  fewer  and  smaller  microfeatures  to  act  as  crack  initiation  sites  will  be 
welcomed. 

Traditional  approaches  to  material  development  which  involve  iterative  trials  and  extensive 
characterization  can  be  expensive  and  time-consuming,  and  can  result  in  lost  opportunities  if 
cost  goals  and/or  timetables  for  implementation  cannot  be  met.  The  implementation  of  an 
analytical  approach  to  assessing  impact  of  material  microstructure  on  durability  performance  has 
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the  potential  to  aid  the  material  design  process  by  enabling  faster,  more  focused  and  more 
economical  definition  of  results.  Analytically  the  optimal  processing  and  composition 
parameters  can  be  defined  earlier,  and  a  much  wider  range  of  alloy/process  options  can  be 
addressed.  Thus  once  the  infrastructure  is  in  place,  routes  can  be  chosen  to  better  tailor  material 
characteristics  to  the  needs  of  the  specific  applications. 

The  technological  approach  presented  in  this  report  has  already  been  proven  suitable  for 
evaluating  the  relative  merits  of  competing  product  forms  such  as  plate,  forgings,  extrusions  and 
castings  [35,  37, 43, 49, 87, 89].  The  traditional  methods  of  specifying  material  properties  do 
not  discern  durability  enhancing  aspects  of  process  induced  changes  in  microfeature  populations, 
the  impact  of  which  is  beyond  the  standard  array  of  static  mechanical  property  tests.  Thus,  the 
developed  analytic  framework  is  appealing  for  contrast  of  machined  hogouts  and  competing  net- 
shape  product  technologies  in  trade  studies  targeted  to  defining  optimal  balance  of  performance 
and  manufacturing  cost. 

Analytical  enhancements  can  result  in  faster,  more  economical  material  development  processes 
which  may  translate  to  more  rapid,  less  costly  introductions  into  service.  This  is  achieved 
through  reductions  in  the  number  of  iteration  trials  necessary,  and  a  reduction  in  the  scope  and 
scale  of  verification  testing.  In  short,  the  methodology  applied  to  material  design  can  result  in 
the  development  of  better  material,  facilitate  the  selection  of  material  processing  options,  and 
reduce  the  cost  and  time  associated  with  implementation  of  newer  materials. 

While  the  results  of  this  investigation  clearly  demonstrate  the  potential  life-limiting  impact  of 
crack-initiating  microfeatures,  raw  material  suppliers  and  part  vendors  have  not  historically 
provided  quantitative  information  on  populations  of  microvoids,  particles,  metal  phases,  and 
other  potential  life-limiting  microfeatures  (e.g.,  corrosion,  manufacturing/assembly  marks, 
traffic  damage,  etc.).  Life-limiting  feature  databases  must  therefore  become  more  widely 
available  to  capture  of  the  full  benefit  potential  of  analytic  durability  methodology.  The  results 
of  this  study  provide  guidance  helpful  to  the  development  of  standardized  protocols  for 
generation  of  this  database  and  its  eventual  integration  into  Navy  and  industry-wide  technology 
standards. 

4.2  Model  Application  to  Structural  Design 

Traditional  design  processes  have  been  unable  to  capture  the  benefit  of  material  quality 
improvements  which  may  improve  material  durability.  Classical  safe-life  fatigue  design 
practices,  which  entail  representative  testing  and  statistical  methods  to  move  design  curves 
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outside  the  realm  of  experimental  scatter,  often  render  change  uneconomical  because  of  the  large 
testing  burden  involved.  Moreover,  design  for  slow  crack  growth  in  certain  items  of  fracture 
critical  hardware  (e.g.,  aircraft  large  structural  bones,  rotorcraft  components  and  mechanical 
systems)  may  be  difficult  to  manage  because  of  the  small  critical  crack  sizes  and  inspection 
economics  involved.  The  industry's  drive  for  more  unitized  structure  in  concert  with  new 
regulation  that  non-pristine  or  aging  structure  be  accounted  for  in  design  implies  that  strategies 
for  crack  prevention  and  control  will  become  increasingly  crucial  to  the  assurance  of  structural 
airworthiness  objectives. 

The  more  modem  analytic  view  of  durability  assessment  entails  description  of  material/structure 
degradation  embodied  in  prediction  of  cracks,  growth  of  cracks  and  residual  strength  with 
cracks.  Since  cyclic  failure  processes  will  generally  seek  out  system  weak  links  to  start  cracks, 
the  analytic  framework  of  the  present  investigation  offers  a  means  to  define  and  quantify  the 
structural  consequences  of  material  related  weak  links.  Moreover,  while  the  types  and/or  root 
causes  of  life-limiting  feature  populations  may  vary  with  end-application,  the  analytic 
framework  and  its  associated  protocols  are  envisioned  to  be  generic  to  a  wide  class  of  damage 
features  associated  with  other  raw  material  forms,  manufacturing  processes  and  applied  service 
[43, 49,  87,  88, 90-92]. 

The  implementation  of  analytical  methods  to  assess  material  effects  on  durability  performance 
will  enable  consideration  of  improved  materials  with  reduced  testing  burden.  Using  the 
developed  methods,  the  performance  and  cost  savings  advantages  of  improved  materials  can  be 
demonstrated  with  paper  studies  at  a  much  earlier  stage  to  reduce  engineering  risks  entailed  in 
exploiting  microstructurally  tailored  materials.  Sensitivities  to  design  features  can  be 
quantitatively  and  simultaneously  evaluated  to  gain  optimal  enhancements  for  component 
lightweighting  and  long  term  damage  tolerance. 

Efforts  by  airframers  to  reduce  manufacturing  costs  have  included  the  use  of  monolithic 
structure  to  replace  assemblies  thereby  reducing  part  numbers  and  assembly  costs.  The 
technological  application  of  data  and  concepts  developed  permits  advances  in  design  and 
producibility  rules  for  monolithic  structure,  particularly  so  for  candidate  applications  where 
experimental  results  are  lacking  and  the  experience  gap  is  large.  These  advancements  are  critical 
for  effective  crack  prevention  and  control  because  of  the  lack  of  inherent  crack  stoppers  and  the 
higher  repair  and  replacement  costs  associated  with  large  monolithic  structural  components. 

In  order  to  take  advantage  of  the  modeling  approach,  some  modification  of  existing  structural 
design  and  evaluation  techniques  may  be  required.  The  long-term  advantages  of  improved 
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materials  and  the  associated  component  benefits  may  not  be  apparent  under  existing  design  and 
evaluation  procedures,  and  current  procurement  practices  do  not  allow  differentiation  of 
microstructurally  enhanced  materials.  State-of-the-art  damage  tolerant  design  practices  and  test 
procedures  typically  do  not  embody  microstructure/process  relationships  nor  the  more  advanced 
elements  of  fracture  mechanics  technology,  such  as  crack  propagation  from  life-limiting 
microfeatures  and  crack  closure.  Moreover,  current  ASTM  testing  guidelines  and  long-standing 
test  methods  are  often  not  helpful  in  quantifying  the  structural  implications  of  product  durability. 
Thus,  the  value  of  improved  durability  may  not  be  clear  if  the  existing  component  meets  the 
existing  design  and  durability  requirements.  That  is,  materials  whose  microstructure  may  be 
altered  to  improve  long-term  performance  may  be  recognized  as  beneficial,  but  the  current 
requirements  do  not  show  these  benefits.  Accordingly,  broadening  impact  of  the  modeling 
technology  requires  additional  work  in  the  following  areas;  (1)  understanding  the  competition 
between  life-limiting  feature  populations  associated  with  raw  material,  component  manufacture 
and  service  damage,  (2)  establishment  of  standardized  protocols  for  defining  life-limiting 
microfeature  populations  to  integrate  with  equivalent  initial  flaw  lifing  concepts,  (3)  synthesis 
and  standardization  of  stress  intensity  factors  (linear  elastic  and  elastic  plastic)  for  shaped  parts 
and  assembled  structure  in  a  common  database,  (4)  user  friendly  crack  propagation  models  that 
encompass  complexities  of  representative  stmctural  details,  loads  and  environments,  (5) 
incorporation  of  small  crack  growth  and  crack  closure  concepts  into  the  above  crack  growth 
model,  (6)  coupon-based  models  for  prediction  of  terminal  crack  sizes  and  residual  strength  in 
prototypical  elements  of  actual  structural  scale  (e.g.,  wide-stiffened  panels),  and  (7)  structural 
verification. 

In  order  for  the  developed  technology  to  be  considered  for  structural  design  it  may  be  necessary 
to  conduct  one  or  more  component  scale  technology  validation  programs  to  confirm  the 
analytical  results.  This  necessary  step  will  be  vital  to  gaining  designer's  comfort  and  eventual 
acceptance  of  the  methodology  by  the  at  large  technical  community. 

Finally,  information  technology  can  be  expected  to  play  a  major  role  in  ultimate  transition  of 
durability  design  technology.  Future  activity  should  therefore  incorporate  planning  to  integrate 
the  results  into  user-fnendly  computer  packages  in  order  to  streamline  use  of  the  modeling 
technology  and  management  of  the  technology  transition  tasks  involved. 

4.3  Model  Application  for  Life  Extension 

In  latter  or  extended  stages  of  airfi'ame  service  life  it  is  possible  for  widespread  and/or  multi-site 
fatigue  damage  state  to  exist  that  could  imperil  the  structural  integrity  of  the  aircraft.  The  most 
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detrimental  form  of  widespread  damage  is  manifested  as  multiple,  service  induced  fatigue 
cracks,  that  in  the  presence  of  a  larger  rogue  crack  could  impair  residual  strength  and  damage 
tolerant  derived  inspection  intervals  below  safe  limits  [8, 9, 1 1, 18].  Incidents  such  as  the  Aloha 
Airlines  737  accident  in  April  of  1988  [73]  have  demonstrated  in  the  strongest  possible  way,  the 
need  for  attention  to  this  type  of  failure.  Incidents  of  this  sort  have  lead  to  new  airworthiness 
regulation  mandating  control,  prediction  and  prevention  of  failure  due  to  widespread  and/or 
multi-site  fatigue  damage  [73]. 

Currently,  there  is  no  universally  accepted  predictive  methodology  to  predict  onset  and 
implications  of  widespread  fatigue  damage.  The  technical  concepts  developed  in  this  program 
are  being  considered  for  use  in  evaluating  structural  implications  of  widespread  damage  states 
under  various  life  extension  scenarios  [75, 90-92].  The  damage  induced  through  service  can  be 
modeled  as  distributions  of  damage  sites  at  the  microstructural  scale.  In  this  manner,  the  effects 
of  corrosion  can  be  addressed  as  well  as  the  possibility  of  widespread  fatigue  damage  and  multi- 
component  damage. 

During  long-term  service,  aircraft  materials  often  do  not  perform  to  their  intended  level.  This 
can  result  in  chronic  problem  components  which  require  remedial  action  to  ensure  continued 
safe  operation  of  aircraft.  If  the  remediation  consists  of  component  replacement  with  the  same 
material,  then  future  occurrence  of  the  same  chronic  damage  form  can  be  expected.  Oftentimes 
enhanced  materials  may  offer  solutions  by  upgrading  critical  structural  elements  by  direct 
substitution.  For  microstructurally  improved  materials  the  performance  improvements  may  be 
obtained  through  process  routes  with  no  changes  in  alloy.  Thus,  no  new  material  qualification  is 
involved.  The  analytical  methods  to  assess  material  performance  based  on  microstructure  allow 
the  performance  improvement  potential  to  be  quantified.  The  direct  substitution  route  to 
upgrading  critical  components  could  therefore  result  in  an  affordable  performance  improvement 
potential  without  the  associated  risks  of  new  material  implementation. 
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5.  Summary 

This  program  has  been  successful  in  defining  the  methodology  and  demonstrating  an  approach  to 
model  the  effect  of  microstructure  on  the  fatigue  performance  of  aluminum  alloy  7050-T7451 
plate.  There  have  been  numerous  instrumental  accomplishments  in  both  the  material 
characterization  and  the  model  development  phases  of  this  work.  However,  the  real  value  of  this 
program  lies  in  the  definition  of  how  the  technology  may  be  applied  to  impact  needs  within  the 
aerospace  industry,  and  how  the  technology  is  ultimately  transferred.  This  section  summarizes 
the  significant  accomplishments  of  the  material  characterization  and  model  development  phases 
of  this  program,  and  also  emphasizes  how  the  potential  value  of  this  work  may  be  captured. 

The  use  of  7050  thick  plate  for  this  program  created  a  unique  opportunity  to  study  the  effects  of 
microstructure  on  fatigue  durability  performance  in  a  commercial  material  of  relevance  to  the 
Navy.  Microstructural  variants  of  commercial  alloy  7050-T745 1  plate  were  produced  on  a  plant 
scale,  through  processing  variations,  and  these  materials  were  provided  to  this  program  for 
study.  The  material  characterization  phase  examined  the  different  pedigrees  of  material  and 
evaluated  their  fatigue  performance,  identified  key  microstructural  features  affecting  fatigue,  and 
characterized  the  microstructures.  This  work  has  resulted  in  significant  advances  in 
understanding  microstructural  influences  on  fatigue;  key  among  these  were  that  the  pedigree  of  a 
single  alloy  and  product  form  did  influence  fatigue,  the  influences  were  not  masked  by  specimen 
geometry  or  manufacturing  effects,  and  that  the  effects  are  substantial.  For  each  of  the  material 
variants,  the  key  microstructural  features  which  act  as  crack  initiators  were  identified  and  their 
sizes  measured.  This  established  a  hierarchy  of  microstructural  features,  based  on  their 
effectiveness  as  crack  initiators,  which  influence  fatigue.  Thus,  for  each  material  there  was  a 
size  distribution  of  microstructural  crack-initiators,  and  this  size  distribution  represents  the 
extreme  values  or  upper  tail  of  the  distribution  of  features  within  the  material.  Metallographic 
characterization  of  the  microstructural  feature  distributions  for  each  material  variant  was 
performed,  and  methods  for  scaling  these  size  distributions  measured  on  random  planes  to  obtain 
the  extreme  value  size  distributions  of  crack-initiators  was  developed.  This  provided  a  means  to 
characterize  a  material  metallographically  and  then  obtain  information  on  the  size  distribution  of 
potential  life-limiting  features  influencing  fatigue.  The  material  characterization  phase  of  this 
work  provides  a  unique  material  performance  fatigue  database  for  varying  material  pedigree, 
established  a  hierarchy  of  microstructural  crack-initiators,  verified  the  link  between  processing, 
microstructure  and  fatigue  performance,  and  served  as  a  basis  for  sub.sequent  fatigue  lifetime 
modeling. 

The  modeling  phase  of  this  program  focused  on  establishing  the  capability  to  predictively  link 
material  fatigue  performance  with  initial  material  microstructure  based  on  the  understanding  and 
data  obtained  from  the  material  characterization  phase.  The  modeling  work  consisted  of 
verifying  a  fracture  mechanics  crack  growth  model,  incorporation  of  microstructural  effects  on 
the  crack  driving  force,  deterministic  model  verification  for  each  of  the  material  variants,  and 
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incorporation  of  probabilistic  aspects  of  microstructure  to  predict  lifetimes  based  on 
microfeature  distribution  for  each  material.  There  have  been  several  key  outcomes  of  the 
modeling  work.  The  application  of  fracture  mechanics  principles  to  the  microstructural  scale  has 
been  verified.  The  extension  of  fracture  mechanics  to  model  early  stage  cracking  can  facilitate 
integration  of  total  life  analysis  into  damage  tolerant  design  and  offers  a  low  cost  alternative  to 
extensive  S/N  fatigue  test  programs.  The  effects  of  the  initial  micro-feature  size,  shape  and 
location  distributions  can  be  analytically  predicted.  This  allows  rapid  assessment  of  the  effects 
of  microstructure/process  changes  on  material  performance  Additionally,  it  is  expected  that  the 
analytical  methods  employed  here  may  be  generally  applied  to  metallic  materials  as  a  class  to 
assess  effects  of  microstructure  as  well  as  other  discrete  damage  forms  such  as  corrosion  or 
machining  and  manufacturing  induced  imperfections. 

The  experimental  and  analytical  tasks  conducted  have  defined  the  linkages  between 
microstructural  characteristics  and  fatigue  performance.  The  value  of  the  developed  technology 
lies  in  application  to  areas  of  relevant  interest  to  the  Navy  and  the  airframe  community.  Three 
envisioned  opportunities  for  transfer  of  this  technology  have  been  defined  in  this  program. 

These  are  material  design,  structural  design  and  evaluation,  and  life  extension  studies. 
Application  of  the  methodology  to  material  design  can  result  in  the  development  of  better 
material,  facilitate  the  selection  of  material  processing  options,  and  reduce  the  cost  and  time 
associated  with  implementation  of  newer  materials.  The  modeling  technology  can  also  have 
application  to  structural  design  and  evaluation.  Analytically  the  effects  of  material  alternatives 
on  durability  performance  can  be  assessed.  This  will  enable  exploitation  of  improved  materials 
to  reduce  weight,  increase  service  life,  and/or  improve  durability.  Finally,  the  program  holds 
promise  for  life  extension  studies.  The  technical  concepts  developed  in  this  program  can  be  used 
to  evaluate  the  structural  implications  of  service  induced  damage  forms  such  as  corrosion,  or 
address  the  implications  of  widespread  fatigue  damage.  Also,  the  structural  implications  of 
upgrading  critical  components  by  direct  substitution  with  improved  materials  can  be  analytically 
assessed,  enabling  affordable  performance  improvement  without  the  risk  of  implementing  a  new 
material. 

Follow-on  development,  implementation  and  education  efforts  are  essential  to  realizing  the  value 
of  the  program  technology.  User  acceptance  will  require  that  the  technical  approach  be 
conveyed  to  a  broad  audience  of  potential  users.  The  technical  path  must  be  explained  with  a 
clear  definition  of  implementation  opportunities.  Ultimately,  the  technology  transfer  paths  must 
be  verified  to  gain  acceptance  by  airframers,  operators,  procurement  organizations, 
maintenance/repair  facilities  and  the  regulatory  agencies. 
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Table  2.  la.  Key  microstructural  features  of  the  materials  produced  by  Alcoa  for  this  study. 


Material 

Product  Thickness  (in.) 

Key  Microstructural 
Feature 

old  material 

5.7 

coarse  porosity 

now  material 

5.7 

porosity 

low  porosity  material 

6.0 

small  porosity, 
constituent  particles 

thin  material 

1.0 

constituent  particles, 
refined  grain  size 

Table  2. lb.  Average  mechanical  property  data  for  the  7050  alloy  product  variants  used  in 
this  study. 


Longitudinal 

Long 

Transverse 

Short  Transeverse 

Material 

UTS 

(ksi) 

TYS 

(ksi) 

%el 

rnamgm 

UTS 

(ksi) 

TYS 

(ksi) 

%el 

UTS 

(ksi) 

TYS 

(ksi) 

%el 

Old 

74.5 

66.5 

10.1 

31.0 

74.9 

64.7 

6.9 

70.5 

60.7 

3.1 

Now 

74.6 

65.9 

10.0 

29.4 

76.0 

65.1 

8.5 

72.4 

60.8 

4.8 

Low 

Porosity 

Thin 

76.1 

66.7 

13.6 

42.6 

76.4 

66.8 

12.7 

71.0 

60.6 

5.9 

71 


Table  2.2.  Old  material  smooth  axial  fatigue  lifetimes  and  sizes  of  crack  initiators.  5.7  in.  thick  plate, 
0.5  in.  diameter  smooth  round  specimen,  35  ksi  max.  stress,  R=0.1,  LT  orientation,  ffeq.=10  Hz,  lab  air. 


Specimen  # 

Cycles 

Fail* 

Initiation 

Site 

Size  (in.) 

Dist.  from 
Edge  (in.) 

Comments 

a 

C 

Lmax 

590155-Al 

77218 

F 

Pore 

0.0123 

0.0030 

0 

590155-A2 

77251 

F 

Pore 

0.0088 

0.0078 

0.0130 

0 

590155-A3 

55090 

F 

Pore 

0.0068 

0.0111 

0.0111 

0 

590155-A4 

73549 

F 

Pore 

0.0028 

0.0094 

0.0094 

0 

590155-A5 

67576 

F 

Pore 

0.0118 

0.0054 

0.0138 

0 

590155-Bl 

78557 

F 

Pore 

0.0130 

0.0117 

0.0158 

0 

590155-B2 

75866 

F 

Pore 

0.0051 

0.0070 

0.0085 

0 

590155-B3 

72521 

F 

Pore 

0.0070 

0.0098 

0.0115 

0 

590155-B4 

66885 

F 

Pore 

0.0143 

0.0120 

0.0174 

0 

590155-B5 

70511 

F 

Pore 

0.0114 

0.0131 

0.0163 

0 

590155-Cl 

90017 

F 

Pore 

0.0042 

0.0086 

0.0088 

0 

590155-C2 

71263 

F 

Pore 

0.0180 

0.0100 

0.0191 

0 

590155-C3 

79290 

F 

Pore 

0.0045 

0.0145 

0.0145 

0 

590155-C4 

62379 

F 

Pore 

0.0154 

0.0058 

0.0155 

0 

590155-C5 

105447 

F 

Pore 

0.0067 

0.0075 

0.0116 

0 

590155-Dl 

230417 

F 

Pore 

0.0018 

0.0033 

0.0033 

0.0002 

slightly  sub-surface 

590155-D2 

149486 

F 

Pore 

0.0030 

0.0024 

0.0036 

0 

590155-D3 

151046 

F 

Pore 

0.0048 

0.0029 

0.0051 

0 

590155-D4 

84529 

F 

Pore 

0.0142 

0.0054 

0.0149 

0 

590155-D5 

121650 

F 

Pore 

0.0056 

0.0035 

0.0057 

0 

590156-Al 

86811 

F 

Pore 

0.0096 

0.0071 

0.0110 

0 

590156-A2 

64419 

F 

Pore 

0.0081 

0.0064 

0.0099 

0 

590156-A3 

49449 

F 

Pore 

0.0288 

0.0097 

0.0298 

0 

590156-A4 

57456 

F 

Pore 

0.0172 

0.0051 

0.0177 

0 

590156-A5 

63122 

F 

Pore 

0.0119 

0.0031 

0.0126 

0 

590156-Bl 

76094 

F 

Pore 

0.0127 

0.0027 

0.0127 

0 

590156-B2 

58896 

F 

Pore 

0.0161 

0.0041 

0.0162 

0 

590156-B3 

62270 

F 

Pore 

0.0092 

0.0134 

0.0145 

0 

590156-B4 

58014 

F 

Pore 

0.0107 

0.0189 

0.0192 

0 

590156-B5 

68266 

F 

Pore 

0.0076 

0.0157 

0.0157 

0 

590156-Cl 

74019 

F 

Pore 

0.0072 

0.0040 

0.0078 

0 

590156-C2 

78366 

F 

Pore 

0.0088 

0.0125 

0.0149 

0 

590156-C3 

58943 

F 

Pore 

0.0088 

0.0139 

0.0143 

0 

590156-C4 

71508 

F 

Pore 

0.0072 

0.00% 

0.0113 

0 

590156-C5 

101013 

F 

Pore 

0.0050 

0.0058 

0.0071 

0 

590156-Dl 

73524 

F 

Pore 

0.0041 

0.0105 

0.0107 

0 

590156-D2 

64512 

F 

Pore 

0.0071 

0.0092 

0.0114 

0 

590156-D3 

70044 

F 

Pore 

0.0081 

0.0082 

0.0084 

0 

590156-D4 

68768 

F 

Pore 

0.0078 

0.0126 

0.0131 

0 

590156-D5 

100708 

F 

Pore 

0.0074 

0.0030 

0.0075 

0 

*  F  =  fail 

DNF  =  specimen  did  not  fail  and  lest  was  discontinued 
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Table  2.4.  Now  material  smooth  axial  fatigue  lifetimes  and  sizes  of  crack  initiators.  5.7  in.  thick  plate, 
0.5  in.  diameter  smooth  round  specimen,  35  ksi  max.  stress,  R=0.1,  LT  orientation,  freq.=10  Hz,  lab  air. 


Specimen  # 

Cycles 

Fail* 

Size  (in.) 

Dist.  from 
Edge  (in.) 

Comments 

a 

C 

L  max 

590157-Al 

183864 

F 

Pore 

0.0031 

0.0071 

mil 

0.0007 

slightly  sub-surface 

590157-A2 

116371 

F 

Pore 

0.0053 

0.0034 

0 

590157-A3 

107810 

F 

Pore 

0.0047 

0.0026 

0.0047 

0.0007 

slightly  sub-surface 

590157-A4 

128412 

F 

Pore 

0.0046 

0.0074 

0.0074 

0 

590157-A5 

162653 

F 

Pore 

0.0023 

0.0025 

0.0026 

0 

590157-Bl 

167284 

F 

Pore 

0.0022 

0.0030 

0.0032 

0.0011 

slightly  sub-surface 

590157-B2 

119033 

F 

Pore 

0.0049 

0.0064 

0.0065 

0.0002 

slightly  sub-surface 

590157-B3 

108906 

F 

Pore 

0.0071 

0.0022 

0.0072 

0 

590157-B4 

107024 

F 

Pore 

0.0063 

0.0038 

0.0064 

0 

590157-B5 

183048 

F 

Pore 

0.0022 

0.0051 

0.0051 

0.0011 

slightly  sub-surface 

590157-Cl 

130733 

F 

Pore 

0.0051 

0.0023 

0.0053 

0 

590157-C2 

140414 

F 

Pore 

0.0052 

0.0037 

0.0061 

0 

590157-C3 

135330 

F 

Pore 

0.0037 

0.0013 

0.0038 

0.0009 

slightly  sub-surface 

590157-C4 

75288 

F 

Pore 

0.0073 

0.0064 

0.0082 

0 

590157-C5 

207258 

F 

Pore 

0.0023 

0.0017 

nioiM 

0.0009 

slightly  sub-surface 

590157-Dl 

153272 

F 

Pore 

0.0115 

0.0050 

0 

590157-D2 

118400 

F 

Pore 

0.0029 

0.0045 

0.0049 

0 

590157-D3 

112761 

F 

Pore 

0.0050 

0.0066 

0.0073 

0 

590157-D4 

103836 

F 

Pore 

0.0056 

0.0100 

0.0104 

0 

590157-D5 

150869 

F 

Pore 

0.0036 

0.0020 

0.0038 

0.0003 

slightly  sub-surface 

♦  F  =  fail 

DNF  =  specimen  did  not  fail  and  test  was  discontinued 
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Table  2.5.  Now  material  open  hole  axial  fatigue  lifetimes  and  si/xs  of  crack  initiators.  5.7  in.  thick  plate,  two  open  hole  specimen 
LT  orientation,  freq.=30  Hz,  lab  air. 
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Table  2.6.  Low  porosity  material  smooth  axial  fatigue  lifetimes  and  sizes  of  crack  initiators.  6.0  in.  thick  plate, 
0.5  in.  diameter  smooth  round  specimen,  40  ksi  max.  stress,  R=0.1,  LT  orientation,  freq.=10  Hz,  lab  air. 


Specimen  # 

Cycles 

Fail* 

Initiation 

Site 

Size  (in.) 

Dist.  from 
Edge  (in.) 

Comments 

a 

c 

L  max 

590553-1 

461445 

F 

Si  particle 

0.00097 

0.00093 

0.00098 

0.00052 

590553-2 

201840 

F 

Fe  const.  +  pore 

0.00126 

0.02720 

0.00276 

0.00104 

590553-3 

237544 

F 

Pore 

0.00360 

0.00152 

0.00360 

0 

590553-5 

513329 

F 

? 

- 

- 

- 

- 

590553-6 

997175 

F 

- 

- 

- 

- 

- 

specimen  not  available 

590553-7 

422354 

F 

Pore  +  Fe  const. 

0.00215 

0.00129 

0.00215 

0 

590553-8 

960660 

F 

- 

- 

- 

- 

specimen  not  available 

590883-9 

380594 

F 

Pore  +  Fe  const. 

0.00371 

0.00356 

0.00480 

0 

590553-10 

702581 

F 

Si  particle 

0.00112 

0.00096 

0.00112 

0.00040 

590553-11 

497462 

F 

Pore  +  Fe  const. 

0.00206 

0.00144 

0.00208 

0,00028 

590553-12 

483758 

F 

Fe  constituent 

0.00332 

0.00281 

0.00405 

0 

590553-13 

1000000 

DNF 

- 

- 

_ 

- 

- 

590553-14 

1000000 

DNF 

- 

- 

- 

- 

- 

590553-15 

167376 

F 

Pore  +  Fe  const. 

0.002% 

0.00189 

0.00312 

0 

590553-16 

612652 

F 

Particle? 

0.00164 

0.00168 

0.00224 

0 

dislodged  particle 

590553-17 

1000000 

DNF 

- 

- 

- 

590553-18 

250480 

F 

Pore  +  Fe  const. 

0.00394 

0.00628 

0.00696 

0 

590553-19 

298211 

F 

Particle? 

0.00200 

0.00172 

0.00205 

0 

dislodged  particle 

590553-20 

1000000 

DNF 

— 

— 

— 

— 

*  F  =  fail 

DNF  =  specimen  did  not  fail  and  test  was  discontinued 
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Table  2.8.  Thin  material  smooth  axial  fatigue  lifetimes  and  sizes  of  crack  initiators.  1.0  in.  thick  plate, 
0.5  in.  diameter  smooth  roimd  specimen,  45  ksi  max.  stress,  R=0.1,  LT  orientation,  freq.=10  Hz,  lab  air. 


Specimen  # 

Cycles 

Fall* 

Initiation 

Site 

Size  (in.) 

Dist.  from 
Edge  (in.) 

Comments 

a 

c 

Lmax 

705739-1 

8510912 

F 

Stage  1 

705739-2 

1927933 

FG 

- 

- 

- 

- 

Failed  in  grip 

705739-3 

8699082 

FG 

- 

- 

- 

- 

Failed  in  grip 

705739^ 

10000000 

DNF 

- 

- 

- 

- 

- 

705739-5 

8251978 

F 

Stage  I 

705739-6 

8053290 

FG 

- 

- 

- 

- 

Failed  in  grip 

705739-7 

6803800 

F 

Stage  I 

705739-8 

8357960 

F 

Stage  I 

705739-9 

3898379 

FG 

- 

- 

- 

Failed  in  grip 

705739-10 

1707417 

F 

Mg2Si  particle 

0.00049 

0.00043 

0.00049 

0.00027 

*  F  =  fail 

DNF  =  specimen  did  not  fail  and  test  was  discontinued 
FG  =  failed  in  grip 
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Table  2.9.  Thin  material  open  hole  axial  fatigue  lifetimes  and  sizes  of  crack  initiators.  1.0  in.  thick  plate,  two  open  hole  specimen, 
R=0.1,  LT  orientation,  frcq.=30  Hz,  lab  air. 
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=  specimen  did  not  fail  and  test  was  discontinued 


Table  2.10.  Heirarchy  of  dominant  microstructural  features  for  each  of  the  variants  of  7050  plate 
which  result  in  initiation  of  fatigue  cracks  in  smooth  and  open  hole  fatigue  tests. 


Dominant  Microstructural  Feature 

Product 

Smooth  Fatigue 

Open  Hole  Fatigue 

Material 

Thickness  (in.) 

(round  bars) 

As-machined  holes* 

De-burred  holes 

Old  Material 

5.7 

Coarse  Porosity 

Coarse  Porosity 

Coarse  Porosity 

Now  Material 

5.7 

Porosity 

Hole  Quality/  Porosity 

Porosity 

Low  Porosity 
Material 

6.0 

Fine  Porosity 

Hole  Quality 

Constituent  Particles 

Thin  Material 

1.0 

Constituent  Particles 
Grain  Structure 

— 

Constituent  Particles 
Grain  Structure 

*Observations  consistent  with  USAF  spectrum  fatigue  test  results  (Magnusen  et.  al.,  ASIP  '92  Conf.) 
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Table  2.11.  Results  of  quantitative  optical  metallography  at  lOOX  for  now  and  low 
porosity  material  at  various  thickness  locations. 


Table  2.12.  Number  of  particles,  categorized  by  size,  which  were  measured  by 
quantitative  optical  metallography  at  lOOX  in  now  and  low  porosity  materials  at  various 
plate  locations  for  a  measured  specimen  area  of  31  mm^. 


Table  2.13.  Number  of  particle  spacings,  categorized  by  size,  which  were  measured  by 
quantitative  optical  metallography  at  lOOX  in  now  and  low  porosity  materials  at  various 
plate  locations  for  a  measured  specimen  area  of  31  mm^. 


Number  of  Measured 

Particle  Spacings 

particle  spacing 

Now  Material 

Low  Porosity  Material 

|im 

log  (^m) 

T/10 

T/4 

T/2 

T/10 

T/4 

T/2 

1.26 

0.100 

no 

84 

78 

82 

111 

67 

1.96 

0.293 

83 

57 

69 

90 

63 

3.07 

0.487 

68 

76 

58 

60 

75 

64 

4.79 

0.680 

48 

60 

46 

49 

58 

36 

7.47 

0.873 

112 

no 

87 

102 

111 

81 

11.66 

1.07 

73 

75 

72 

83 

94 

75 

18.20 

1.26 

100 

71 

71 

108 

112 

86 

28.40 

1.45 

146 

90 

62 

96 

99 

64 

44.33 

1.65 

138 

91 

71 

100 

94 

75 

69.18 

1.84 

196 

113 

71 

171 

124 

59 

108.0 

2.03 

268 

194 

95 

250 

140 

100 

168.5 

2.23 

323 

205 

132 

286 

168 

92 

263.0 

2.42 

yi6 

238 

143 

281 

207 

126 

410.5 

2.61 

292 

223 

123 

242 

179 

101 

640.8 

2.81 

85 

69 

60 

84 

84 

58 

Table  2.14.  Results  of  quantitative  SEM  metallography  at  25 OX  for  now  and  low  porosity 
material  at  the  T/2  location  separating  Al7Cu2Fe  and  Mg2Si  particle  distributions. 


Now  Material 


Low  Porosity  Material 


area  fraction 

mean,  % 
std  dev,  % 


no.  of  particles 
particle  density,  mm‘2 


longest  dimension 
maximum,  |xm 
mean  (normal),  |im 
std  dev  (normal),  urn 


aspect  ratio 
mean 
std  dev 


perim 

mean,  |im 
std  dev,  um 


0.52 

±0.20 


0.51 

±0.20 


0.51 

±0.20 


14.6  19.3  11.0 

±13.1  ±14.8  ±10.2 


0.56  0.52  0.59 

±0.17  ±0.17  ±0.17 


18.2  34.3 

±38.0  ±52.6 


16.4  25.5 

±17.3  ±21.5 


7.3 

±16.2 


Thin  Material 


area  fraction 
mean,  % 
std  dev,  % 


no.  of  particles 
particle  density,  mm*2 


longest  dimension 
maximum,  pm 
mean  (normal),  pm 
std  dev  (normal),  pm 


aspect  ratio 
mean 
std  dev 


area 

mean,  pm^ 
std  dev. 


perim 
mean,  pm 
std  dev,  pm 


0.427 

0.111 


926 

768 


1 

m 

1 

s 

.53 

fne! 

5 

s 

a 

.19 

± 

SE 

7 

± 

a 

9.6  15.2 

±7.0  ±10.1 


Table  2. 15.  Comparison  of  quantitative  metallographic  results  obtained  at  lOOX  (sample 
area  30.9  mm^)  on  optical  images  and  250X  (sample  area  1.24  mm^)  on  SEM  images. 


Now  Material 

Low  Porosity 
Material 

lOOX 

250X 

lOOX 

250X  1 

area  fraction 

■m 

MB 

BB 

mean,  % 

0.99 

mSm 

std  dev,  % 

0.18 

Bra 

BIB 

no,  of  particles 

5136 

312 

4256 

339 

particle  density,  mm*2 

166.0 

258.7 

137.6 

281.1 

longest  dimension 

■m 

maximum,  |xm 

BEI 

31.1 

108.3 

44.8 

mean  (normal),  pm 

5.3 

12.7 

5.8 

std  dev  (normal),  pm 

Bil 

±4.7 

±9.3 

±5.6 

aspect  ratio 

mean 

0.59 

0.52 

0.60 

0.56 

std  dev 

±0.17 

±0.20 

±0.17 

±0.17 

area 

■H 

mean,  pm^ 

11.0 

67.2 

18.2 

std  dev,  pm2 

Biol 

±16.5 

±82.8 

±38.0 

perim 

mean,  pm 

33.9 

14.6 

36.1 

16.4 

std  dev,  pm 

±22.2 

±13.1 

±26.7 

±17.3 

85 


i 


86 


I 


Crack  Size 


Service  Life 


Figure  1.1.  Schematic  representation  of  crack  evolution  with  service  life  showing  the  majority 
of  life  spent  when  cracks  are  below  detectable  limits  of  inspection. 


87 


2.25 


3.75-4.63 


5.67-5.90 


Plate  Thickness  (in.) 


Figure  2.1.  Historical  data  showing  the  effect  of  7050  alloy  plate  thickness  on  smooth  axial 
specimen  fatigue  lifetime. 
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^  T  I  Prediction 

(a/c  =  0.8) 

n  I-  / 

□  □  / 


□ 


O  Experimental  mean 
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Figure  2.2.  Plot  of  pore  size  vs.  smooth  fatigue  lifetime  showing  EIFS  prediction,  experimental 
data  which  were  smoothed  using  a  running  average  of  ten  successive  data  points,  and  lifetime 
data  for  specimens  with  small  machined  flaws. 
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Figure  2.4.  Cumulative  fatigue  lifetime  distributions  for  the  four  microstructural  variants 
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Figure  2.5.  Open  hole  fatigue  stress  versus  lifetime  plot  for  the  old  material  variant.  Tests 
conducted  at  R=0.1,  30  Hz,  LT  orientation,  lab  air. 
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Figure  2.6.  Open  hole  fatigue  stress  versus  lifetime  plot  for  the  now  material  variant.  Tests 
conducted  at  R=0.1,  30  Hz,  LT  orientation,  lab  air. 
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Figure  2.7.  Open  hole  fatigue  stress  versus  lifetime  plot  for  the  low  porosity  material  variant. 
Tests  conducted  at  R=0.1,  30  Hz,  LT  orientation,  lab  air. 
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Figure  2.8.  Open  hole  fatigue  stress  versus  lifetime  plot  for  the  thin  material  variant.  Tests 
conducted  at  R=0.1,  30  Hz,  LT  orientation,  lab  air. 
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Figure  2.9.  Schematic  drawings  of  the  methods  used  to  measure  the  size  and  location  of  the 
microsturctural  features  which  initiate  fatigue  failures  in  (a)  open  hole  fatigue  specimens  and  (b) 
smooth  fatigue  specimens. 
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Figure  2.1 1.  Crack  initiating  pore  length  versus  fatigue  lifetime  in  smooth  fatigue  specimens  of 
old  and  now  materials  tested  at  35  ksi  maximum  stress,  R=0.1, 10  Hz,  in  lab  air. 


Figure  2.12.  Typical  smooth  fatigue  crack  initiation  sites  in  low  porosity  material  (a)  from 
a  micropore  and  (b)  from  constituent  particles. 


Figure  2.16.  Fatigue  initiation  in  open 
hole  comer  in  low  porosity  material,  c( 
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Figure  2.17.  Opposite  halves  of  open  hole  fatigue  failure  showing  constituent  particle  at 
fatigue  initiation  site  in  low  porosity  material. 
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Figure  2.18.  Low  magnification  SEM  images  showing  constituent  particles  located  in  the 
hole  bore  in  open  hole  specimens  in  (a)  now  material  and  (b)  low  porosity  material. 
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Figure  2.21.  Fatigue  crack 
in  the  thin  material. 
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Figure  2.23.  Open  hole  stress  versus  lifetime  plots  showing  the  effect  of  hole  de-burring.  (a)  Old 
material  and  now  material  in  the  as-machined  condition  and  (b)  old  material  as-machined  and  now 
material  de-burred. 
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Figure  2.24.  Quantitative  metallographic  results  comparing  now  and  low  porosity  materials 
different  plate  locations,  (a)  Particle  area  fraction  and  (b)  particle  number  density. 
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Figure  2.25.  Particle  size  distribution  histograms  for  (a)  now  material  and  (b)  low  porosity 
material  at  different  plate  locations. 
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Figure  2.26.  Cumulative  probability  plot  of  particle  size  distributions  for  (a)  now  material 
and  (b)  low  porosity  material  at  different  plate  locations. 


CO 

bJO 

.5 

'3 

cd 

CX 

CO 


l-H 


D 

C 


400 


particle  spacing,  10  ‘^in 
1 


300  H 


200  H 


100  H 


10  100 
particle  spacing,  )j,m 


1000 


CO 


tuo 

c 


o 


cd 

Cl. 


CO 


(4M 

O 

fc 

x> 

E 

p 

c 


particle  spacing,  10'^ in 


r| - 1 - 1 — I  I  I  I  I  I  I - 1  1 — 1  I  I  1  1 1  I 

10  100  1000 


particle  spacing,  pm 


(a) 


(b) 


Figure  2.27.  Histograms  of  the  distribution  of  inter-particle  specings  for  (a)  now  material  and 
(b)  low  porosity  material  at  different  plate  locations. 
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Figure  2.28.  Cumulative  probability  plot  of  particle  area  ( 
and  (b)  low  porosity  material  at  different  plate  locations. 
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Figure  2.32.  Particle  size  distribution  histogram  of  Fe-  and  Si-containing  particles  for  the  thin 
material. 
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Figure  2.33.  Cumulative  probability  plot  of  particle  size  distributions  of  total  particles  and  Fe- 
and  Si-containing  particles  for  the  thin  material. 
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Figure  2.34.  Comparison  between  the  measured  particle  size  distribution  from  quantitative  optical 
metallography  and  the  log-normal  fit  to  the  data  for  the  low  porosity  material 
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Figure  2.35.  Definition  of  the  high  stress  area  due  to  the  stress  gradient  on  one  side  of  a  hole  in 
an  open  hole  fatigue  specimen.  The  shaded  region  represents  the  high  stress  area. 
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Figure  2.36.  Comparison  between  the  measured  crack-initiating  particle  size  distribution  from 
fractography  to  the  calculated  extreme  value  distribution  for  the  low  porosity  material. 
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Figure  2.37.  Comparison  between  the  measured  crack-initiating  particle  size  distribution  from 
fractography,  the  extreme  value  distribution  from  the  simulation  and  the  calculated  extreme  value 
distribution  for  the  low  porosity  material. 
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Figure  2.38.  Comparison  between  the  measured  crack-initiating  particle  size  distribution  from 
fractography  and  the  calculated  extreme  value  distribution  based  on  a  high  stress  area  of  1.05  mm2 
for  the  low  porosity  material 
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Figure  2.39.  Comparison  between  the  measured  crack-initiating  particle  size  distribution  from 
fractography  and  the  calculated  extreme  value  distributions  bas^  on  the  total  particle  distribution 
aodnthe  Fe-containing  particle  distribution  of  the  thin  material. 
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Figure  2.40.  Comparison  between  the  measured  crack-initiating  particle  size  distribution  from 
fractography  and  the  calculated  extreme  value  distribution  based  on  a  high  stress  area  of  0.843 
mm2  for  the  thin  material. 


127 


Figure  3.1.  Schematic  illustration  showing  the  EIFS  as  an  inherent  material  characteristic  and 
the  variation  in  the  flaw  size  population  with  time. 
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Figure  3.3.  Conceptual  model  showing  incorporation  of  initial  material  quality  into  life  analysis 
from  coupon  to  component,  to  aircraft,  to  entire  fleet. 
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Figure  3.4.  Hypothetical  calculation  showing  the  effect  of  three  initial  EIFS  populations  on  the 
potential  for  multi-site  damage. 
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Figure  3.5.  Representation  of  a  crack-initiating  microstructural  feature  as  an  equivalent 
elliptical  flaw  in  a)  a  smooth  fatigue  specimen  and  b)  an  open  hole  fatigue  specimen. 
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Figure  3.8.  Fatigue  crack  ^owth  rate  data  for  7050-T7451  plate  of  various  thicknesses.  Tests 
conducted  at  R=0. 1,  T-L  orientation,  T/4  location,  high  humidity  air. 
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Figure  3.9.  Plot  of  the  predicted  smooth  specimen  fatigue  lifetime  versus  the  actual  life  for  the  old, 
now,  and  low  porosity  materials  without  incorporating  the  Trantina-Barishpolsky  analysis. 
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Figure  3.10.  Plot  of  the  predicted  smooth  specimen  fatigue  lifetime  versus  the  actual  life  for  the  old, 
and  now  variants  without  incorporating  the  Trantina-Barishpolsky  analysis  and  the  low  porosity 
variant  using  the  Trantina-Barishpolsky  analysis. 
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Figure  3.11.  Comparison  between  the  actual  smooth  fatigue  lifetime  distribution  and  the  predicted 
lifetime  distribution  based  on  the  input  extreme  value  distribution  parameters  for  the  old  material. 
Tests  conducted  at  35  ksi  max.  stress,  R=0.1,  LT  orientation,  T/2  location,  30  Hz.  in  lab  air. 
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Figure  3.12.  Comparison  between  the  actual  smooth  fatigue  lifetime  distribution  and  the  predicted 
lifetime  distribution  based  on  the  input  extreme  value  distribution  parameters  for  the  now  material. 
Tests  conducted  at  35  ksi  max.  stress,  R=0.1,  LT  orientation,  T/2  location,  30  Hz.  in  lab  air. 
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Figure  3.13.  Comparison  between  the  actual  smooth  fatigue  lifetime  distribution  and  the  predicted 
lifetime  distribution  based  on  the  input  extreme  value  distribution  parameters  for  the  low  porosity 
material  Tests  conducted  at  40  ksi  max.  stress,  R=0.1,  LT  orientation,  T/2  location,  30  Hz.  in  lab  air. 
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Figure  3. 14.  Verification  of  the  model  for  predicting  open  hole  specimen  fatigue  life  for  a) 
fatigue  crack  initiation  at  a  pore  at  the  center  of  the  hole  bore  and  b)  initiation  at  a  particle  at  the 
corner  of  the  hole  bore  and  specimen  surface. 
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Figure  3.15.  Comparison  between  the  open  hole  fatigue  life  test  data  and  the  calculated  S/N  curve 
.for  the  old  material.  The  testing  was  done  at  R=0.1,  LT  orientation,  T/2  location,  30  Hz  in  lab  air. 
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Figure  3.16.  Comparison  between  the  open  hole  fatigue  life  test  data  and  the  calculated  S/N  curve 
for  the  now  material.  The  testing  was  done  at  R=0.1,  LT  orientation,  T/2  location,  30  Hz  in  lab  air. 
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Figure  3.17.  Comparison  between  the  open  hole  fatigue  life  test  data  and  the  calculated  S/N  curve 
for  the  low  porosity  material.  The  testing  was  done  at  R=0.1,  LT  orientation,  T/2  location,  30  Hz 
in  lab  air. 
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Figure  3.18.  Comparison  between  the  open  hole  fatigue  hfe  test  data  and  the  calculated  S/N  curve 
for  the  thin  material.  The  testing  was  done  at  R=0.1,  LT  orientation,  T/2  location,  30  Hz  in  lab  air. 
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Figure  3.19.  Comparison  between  the  open  hole  fatigue  life  test  data  and  model  predictions  made 
using  scaled  microfeature  distributions  from  random  plane  metallography  for  the  low  porosity 
material.  The  testing  was  done  at  R=0.1,  LT  orientation,  T/2  location,  30  Hz  in  lab  air. 
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Figure  3.20.  Comparison  between  the  open  hole  fatigue  life  test  data  and  model  predictions  made 
using  scaled  microfeature  distributions  from  random  plane  metallography  for  the  thin  material.  The 
testing  was  done  at  R=0.1,  LT  orientation,  T/2  location,  30  Hz  in  lab  air. 
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Figure  3.21.  Plot  of  the  sensitivity  of  the  infinite  life  stress  to  the  local  stress  concentration  factor 
for  both  pores  and  cracked  particles. 
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Figure  3.22.  Stress  concentration  for  a  circular  cavity  of  elliptical  cross-section  as  a  function  of 
the  aspect  ratio. 
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Figure  3.23.  Stress  concentration  factor  for  an  uncracked  isolated  rigid,  elliptical,  cylindrical 
particle. 


150 


AG  (ksl) 


Figure  3.26.  Comparison  of  fatigue  stress  versus  lifetime  (S/N)  curves  for  particles  and  pores  at 
different  shapes  which  result  in  different  factors  for  yield  strength  70  ksi.,  particle  size  =  0.005  in. 


153 


Particle  Pore 


Cyclic  Lifetime 


Figure  3.27.  Schematic  illustration  of  the  procedure  used  to  calculate  equivalent  lifetime  micro¬ 
feature  distributions  for  open  hole  specimen  failures  initiated  at  pores  in  the  hole  bore  or  at  particles 
at  the  hole  comer. 
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Figure  3.28,  Measured  extreme  value  pore  distribution  from  smooth  specimen  tests  of  the  now 
material  and  the  calculated  particle  distribution  for  comer  initiation  sites  in  open  hole  specimen  tests 
which  results  in  equivalent  lifetimes  as  pore  initiated  failures  in  the  now  material. 
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Figure  3.29.  Calculated  "equivalent  life"  particle  distribution  for  comer  initiation  sites  in  open  hole 
specimen  tests  and  the  pore  distribution  back-calculated  from  smooth  specimen  data  for  the  low 
porosity  material. 
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Figure  3.30.  Back-calculated  pore  distribution  from  smooth  specimen  data  for  low  porosity 
material  and  "equivalent  life"  particle  distribution  for  comer  initiation  sites  in  open  hole  specimen 
tests. 
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